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NEURAL CORRELATES OF POLYSUBSTANCE USE: DIFFERENTIAL AND
INTERACTIVE EFFECTS OF ALCOHOL AND CANNABIS ON THE ADOLESCENT
BRAIN
Joseph Aloi, Ph.D.
University of Nebraska, 2018
Supervisors: R. James Blair, Ph.D. and Tony Wilson, Ph.D.
Two of the most commonly used and abused substances by adolescents in the United
States are alcohol and cannabis, which are associated with adverse medical and psychiatric
outcomes. Alcohol use and cannabis use during adolescence is also associated with an increased
risk of alcohol use disorder (AUD) and/or cannabis use disorder (CUD) in adulthood as well as
increased likelihood of relapse after successful treatment. Despite this, much of the previous
work on the neurobiology of substance use disorders has focused on adult substance use. This
work has shown that individuals with AUD and/or CUD show dysfunction within reward
processing, emotion processing, and executive functioning neuro-circuitries. In this dissertation,
we have utilized the Monetary Incentive Delay (MID), Affective Stroop (aST), and Optimistic
Bias (OB) tasks in order to examine dysfunction in these neuro-circuitries related to AUD and
CUD symptomatology in a group of adolescents from a residential treatment facility and the
surrounding community. The current data indicate that dysfunction in reward processing,
emotion processing, and executive functioning neuro-circuitries is associated with AUD
symptomatology, primarily within the MID and aST. However, dysfunction in emotion
processing and executive functioning neuro-circuitries is associated with CUD neuro-circuitries
across all three tasks. Moreover, there are interactive effects of AUD and CUD symptom severity
on emotional processing and executive functioning neuro-circuitries within the aST and OB tasks.
These data indicate differential and interactive effects of AUD and CUD on various neurocircuitries within the adolescent brain.
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Chapter 1. Introduction
1.1 Epidemiological Data
Epidemiological data suggests that the lifetime prevalence of alcohol use disorder (AUD)
is 30% (B. F. Grant, Goldstein, et al., 2015), and that the lifetime prevalence of other substance
use disorders (SUDs), including cannabis use disorder (CUD) is 10% (B. F. Grant, Saha, et al.,
2015). Excessive alcohol use is implicated in 90,000 deaths per year (“2013 Tables: Tobacco
Product and Alcohol Use - 2.43 to 2.84 (PE), SAMHSA, CBHSQ,” n.d.), and drug overdoses are
associated with over 50,000 deaths per year (NIDA, 2015). One significant risk factor for alcohol
and drug dependence in adulthood is adolescent substance abuse (Martin & Winters, 1998).
Notably, adolescent substance abuse is also a significant risk factor for the emergence of other
risky behaviors in youths, such as dangerous sexual practices (Cooper, 2002). Two of the most
common substances abused by adolescents are alcohol and cannabis (Moss, Chen, & Yi, 2014).
Evidence from epidemiological studies indicate that SUD patients who use these substances
during adolescence face a more severe disease course and have a greater likelihood of relapse (B.
F. Grant, Goldstein, et al., 2015; B. F. Grant, Saha, et al., 2015; Hingson, Heeren, & Winter,
2006). Additionally, substance abuse is related to numerous adverse health concerns later in life.
These includes cardiovascular damage leading to arrhythmias, cardiomyopathy, and
cardiovascular accidents; liver damage leading to alcoholic hepatitis and hepatic carcinomas; and
comorbid psychiatric disorders, such as depression, anxiety, and in the case of marijuana use,
schizophrenia (Schuckit, 2009; Volkow, Baler, Compton, & Susan, 2016).

1.2 Public Health Benefit
In addition to the health impacts, the economic impact of excessive alcohol and drug use
is immense. Alcohol abuse costs the US over 200 billion dollars per year (Bouchery, Harwood,
Sacks, Simon, & Brewer, 2011), while illicit drug abuse costs the US 193 billion dollars per year
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(National Drug Intelligence Center, 2011). This research project is potentially highly significant
because it will elucidate the extent to which abnormal neural responses associated with
alcohol/cannabis abuse in adolescence. These relationships are of particular importance because
adolescents who use alcohol and cannabis, are twice as likely to develop AUD and three times as
likely to develop CUD, respectively (Winters & Lee, 2008). In short, adolescent AUD and CUD
increase the personal, societal and financial costs of substance abuse.
Despite the implications of adolescent alcohol use and cannabis use for substance use
throughout the lifespan, there is relatively little neuroimaging literature on AUD and CUD in
adolescent populations. Adolescence is a time of critical neurodevelopment (Goddings et al.,
2014), and alcohol and/or cannabis use is thought to disrupt these processes (F. M. Filbey,
McQueeny, DeWitt, & Mishra, 2015; Squeglia et al., 2016), leading to perpetuation of alcohol
and/or cannabis use in adulthood. Examining the effects of AUD and CUD on the adolescent
brain will open up neurobehavioral targets for early assessment/intervention that will relieve the
public health and economic burden of substance abuse.

1.3 Role of Reward Processing in Substance Use Disorder Pathophysiology
Animal and human work has shown that there are differential cellular-level, but similar
systems-level, effects of alcohol and cannabis during acute use (Boileau et al., 2003; Bossong et
al., 2009; Gilman, Ramchandani, Crouss, & Hommer, 2012; Lupica, Riegel, & Hoffman, 2004;
Nestler, 2005). Acute alcohol use activates mu opioid receptors in the brain, inhibiting gammaAminobutyric acid (GABA) neurotransmission in the ventral tegmental area (VTA). This leads
to decreased inhibition of dopaminergic neurons in the VTA, which contains dense projections to
the nucleus accumbens. Thus, acute alcohol use results in increased nucleus accumbens activity
and increased activity of neural reward pathways (Boileau et al., 2003; Gilman et al., 2012;
Nestler, 2005). Acute cannabis use activates cannabinoid receptors in nucleus accumbens.
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Activation of these receptors inhibits striatal dopamine reuptake and increases nucleus accumbens
activity (Lupica et al., 2004), similar to alcohol use. Human positron emission tomography (PET)
studies have shown that acute alcohol use and acute cannabis use both induce increases in
synaptic dopamine in the ventral striatum, though alcohol induces a larger increase in synaptic
dopamine than cannabis (Boileau et al., 2003; Bossong et al., 2009). In short, although both
acute alcohol use and acute cannabis use both induce increased striatal activity, there are
differential mechanisms on a cellular level, and alcohol is thought to have a larger effect on
striatal activity than cannabis.

1.4 Role of Emotional Processing in Substance Use Disorder Pathophysiology
In the predominant model of addiction pathophysiology, also known as the RewardDeficit/Stress Surfeit model or the Koob and Volkow model, it is hypothesized that striatal
hyperactivity induced by repeated acute alcohol/cannabis use leads to two chronic
neuroadaptations aimed at controlling reward system hyperactivity: i) decreased dopamine
receptor density in the striatum leading to decreased reward system activity (within-systems
neuroadaptation), and ii) increased amygdala activity as part of increased engagement of the antireward system (between-systems neuroadaptation; Koob, 2013a; Koob & Le Moal, 1997; see
Figure 1). Chronic alcohol use is thought to increase amygdala activity largely through this
between-systems neuroadaptation (Koob, 2013b). In addition to the between-systems
neuroadaptation described in the Koob and Volkow model, chronic cannabis use is also thought
to manipulate amygdala activity through direct interactions with dense populations of
cannabinoid receptors in the amygdala. Binding of endogenous cannabinoids to type 1
cannabinoid receptors (CB1) in the amygdala has been shown to reduce anxiety-like behaviors in
mice (Ramikie et al., 2014). Additionally, chronic injections of CB1 receptor agonists decrease
CB1 receptor density in the amygdala in rats (Dalton & Zavitsanou, 2010). With regards to
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chronic cannabis use in humans, it has been documented that CB1 density in the amygdala
increases after abstinence from exogenous cannabis use (Hirvonen et al., 2012). In short,
although chronic alcohol use and chronic cannabis use are both thought to increase amygdala
activity through a between-systems neuroadaptation, chronic cannabis use is thought to also
directly manipulate amygdala activity through interactions with amygdalar cannabinoid receptors.
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Figure 1. Reward-deficit/stress-surfeit model of addiction. (Koob and Volkow, 2016)
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1.5 Role of Executive Functioning in Substance Use Disorder Pathophysiology
In addition to the within-systems and between-systems neuroadaptations, chronic alcohol
use and chronic cannabis use show neurotoxicity to cortical regions involved in executive
function, including regions of parietal and prefrontal cortices. On a cellular level, both chronic
alcohol use and chronic cannabis use have been associated with modulation of the glutamate and
GABA neurotransmitter systems within prefrontal cortex (Spear, 2016). However, chronic
alcohol use, but not chronic cannabis use has been reported to also exert effects on prefrontal
cortex via neuroinflammation (Karoly, YorkWilliams, & Hutchison, 2015; Spear, 2016).
The regions of parietal and prefrontal cortices that are damaged by chronic alcohol use
and chronic cannabis use are involved in a variety of functions, including error processing,
behavioral inhibition, executive attention, and optimistic bias. Data from both cross-sectional and
longitudinal studies have indicated that adolescent alcohol use disorder is associated with
decreased thickness in frontal, temporal, and parietal cortices compared to adolescents with low
levels of alcohol use (Pfefferbaum et al., 2016). However, longitudinal data in adolescent
cannabis users indicates that these individuals had increased thickness in frontal and temporal
cortices compared to adolescents with low levels of cannabis use (F. M. Filbey et al., 2015;
Ketcherside, Baine, & Filbey, 2016a). Likewise, resting state functional magnetic resonance
imaging (fMRI) data shows that decreased orbitofrontal cortex (OFC)-amygdala connectivity in
males aged 12-25 is associated with increased alcohol use (Peters, Jolles, Duijvenvoorde, Crone,
& Peper, 2015a). However, adolescent marijuana users showed increased connectivity between
OFC and anterior cingulate cortex and superior/middle frontal gyri (Lopez-Larson, Rogowska, &
Yurgelun-Todd, 2015). Furthermore, recent alcohol use (but not cannabis use) has been shown to
be associated with decreased activity within prefrontal cortex and parietal cortex in adolescents
during a stroop task (Thayer et al., 2015). However, in a sample of adolescents with marijuana
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use histories, there was increased activity within regions of prefrontal and parietal cortices during
NoGo trials of a Go/NoGo task (Susan F Tapert et al., 2008).

In short, both chronic alcohol use and chronic cannabis use are thought to affect
prefrontal and parietal cortices. However, the mechanisms by which chronic alcohol use and
chronic cannabis use affect prefrontal and cortices are different, which may result in differential
functional deficits in error processing, behavioral inhibition, executive attention, and/or optimistic
bias, these effects may be somewhat different.

1.6 A Dimensional Approach to Substance Use Disorder Pathophysiology
Much of the substance abuse literature to date has focused on categorical differences in
neural responses between individuals with and without alcohol and cannabis abuse histories.
However, very few studies have utilized a dimensional approach (e.g., treating levels of
alcohol/cannabis abuse symptoms as continuous covariates) to studying the neural correlates of
alcohol and/or cannabis abuse in adolescents. It is likely that the relationship between
alcohol/cannabis abuse and neural dysfunction is very complex, reflecting dysfunction of multiple
neural systems, so a dimensional approach may be better suited for understanding these
phenomena (Kwako, Momenan, Litten, Koob, & Goldman, 2015; Litten et al., 2015).
Furthermore, no studies have utilized a dimensional approach while specifically examining the
individual effects of alcohol and cannabis abuse in the context of dysfunctional reward and
emotional processing neuro-circuitry. Many neuroimaging studies of substance abuse in
adolescents to date have either been relatively small, and therefore lacked the power necessary to
disentangle effects of alcohol abuse versus cannabis abuse, or explicitly excluded participants
with comorbid substance abuse issues (e.g., a study investigating alcohol abuse excluding
individuals with comorbid cannabis abuse). Comorbid alcohol and cannabis abuse is common in
adolescent populations (Mason, Chmelka, Howard, & Thompson, 2013; Moss et al., 2014), so
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disentangling the individual relationships between these substances and neural dysfunction will
be especially useful for treating individuals with specific substance abuse profiles. In short, very
little work to date has examined the potential differential and/or interactive effects of alcohol and
cannabis abuse on the adolescent brain since many studies to date have examined these effects
from a categorical perspective. Utilizing a dimensional approach to examine these effects may be
a more powerful way to study these complex relationships.

1.7 Objectives
To summarize, although alcohol and cannabis use affect reward processing, emotional
processing, and executive functioning neuro-circuitries, the cellular mechanisms by which they
alter brain functioning are different, and there are subtle differences in their systems-level effects.
Alcohol may have a greater impact on dysfunction of reward processing neuro-circuitry of
substance abuse than cannabis, since acute alcohol use induces greater striatal dopamine release
(Boileau et al., 2003; Bossong et al., 2009). However, cannabis may have a greater impact on
dysfunction of emotion processing neuro-circuitry, since there are multiple pathways by which
chronic cannabis use impacts amygdala activity (Hirvonen et al., 2012; Koob & Volkow, 2016).
Additionally, although alcohol and cannabis impact development of prefrontal and parietal
cortices (F. M. Filbey et al., 2015; Squeglia et al., 2016), alcohol is more associated with cortical
thinning (Squeglia et al., 2016) whereas cannabis use is more associated with cortical thickening
(F. M. Filbey et al., 2015). In short, despite the overarching model of addiction that
conceptualizes all substance use disorders as having one common pathophysiology, it is likely
that there are differential neural correlates of AUD versus CUD in the adolescent brain. The
objective of this thesis is to clarify the differential effects of alcohol and cannabis abuse on
reward processing, error processing, emotion processing, behavioral inhibition, executive
attention, and optimistic bias neuro-circuitries in the adolescent brain as a function of AUD and
CUD symptom severity. Given that alcohol and cannabis abuse are often comorbid in adolescent
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populations (Mason et al., 2013; Moss et al., 2014), the findings from this research can then be
used to develop novel treatment methods for substance abuse that target neuro-circuitry related to
specific patterns of substance abuse. The works are outlined as follows:
Chapter 2 uses the Monetary Incentive Delay (MID) task to investigate the relationships
between AUD and CUD symptom severity and neuro-circuitries underlying reward and error
processing.
Chapter 3 uses the Affective Stroop task (aST) to investigate the relationships between
AUD and CUD symptom severity and functioning of neuro-circuitries underlying emotion
processing, behavioral inhibition, and executive attention. This work has been published in
NeuroImage: Clinical (Aloi et al., 2018).
Chapter 4 uses the Optimistic Bias (OB) task to investigate the relationships between
AUD and CUD symptom severity and functioning of neuro-circuitries underlying optimistic bias.

Chapter 5 is a summary and discussion of this work and potential future directions.
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Chapter 2. Differential dysfunctions related to Alcohol and Cannabis Use Disorder
symptoms in reward and error-processing neuro-circuitries in adolescents
2.1 Introduction
The two most commonly used substances by adolescents in the US are alcohol and
cannabis (Miech, Johnston, O’Malley, Bachman, & Schulenberg, 2016). Epidemiological
evidence suggests that alcohol and/or cannabis use during adolescence is associated with
increased risk for developing Alcohol Use Disorder (AUD) and/or Cannabis Use Disorder (CUD)
during adulthood (Winters & Lee, 2008). Additionally, individuals with AUD and/or CUD who
initiated alcohol and/or cannabis use during adolescence face a more severe disease course,
including a greater likelihood of relapse (Babor et al., 1992). This may be due to the adverse
neurodevelopmental impact of alcohol and cannabis on the adolescent brain (F. M. Filbey et al.,
2015; Squeglia et al., 2015).
One neural structure that is undergoing development during adolescence (Galvan, 2010)
and that has been implicated in addiction is the striatum (Koob & Volkow, 2016), a region
critically responsive to the receipt of reinforcement (Diekhof, Kaps, Falkai, & Gruber, 2012).
Animal and human neuroimaging work suggests that alcohol/cannabis consumption leads acutely
to the release of striatal dopamine (Bossong et al., 2009; Koob & Volkow, 2016; Martinez et al.,
2005). In contrast, chronic substance use has been linked to decreased striatal responsiveness to
non-drug reinforcements (Koob & Volkow, 2016). In line with this, multiple studies using the
Monetary Incentive Delay (MID) task have shown that adults with AUD show reduced ventral
striatal responses to monetary reward relative to healthy controls (Beck et al., 2009; Wrase,
Schlagenhauf, et al., 2007). However, the results of studies with patients with CUD have been
more mixed. Studies of cannabis-using participants have reported that monetary reward
responsiveness within ventral striatum (VS) is decreased (Martz et al., 2016; van Hell et al.,
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2010), increased (Nestor, Hester, & Garavan, 2010) or not significantly different from that of
comparison individuals (F. M. Filbey, Dunlop, & Myers, 2013).
Despite this, very few studies have examined how substance use in adolescence may
impact striatal functioning. One study found a positive relationship between overall substance use
and striatal response to reward in adolescents (Bjork, Smith, Chen, & Hommer, 2011). However,
this study did not include adolescents who met criteria for Substance Use Disorders (SUDs).
Another study reported decreased VS responsivity to reward in adolescents with Alcohol Use
Disorder Identification Test (AUDIT) scores≥4 relative to those with AUDIT scores<4 (Nees et
al., 2015). However, exclusion criteria for this study included co-morbid psychiatric conditions.
Therefore, it is unknown whether this result will generalize to a population with psychiatric comorbidities, considering the high co-morbidity rate between SUDs and other psychiatric
conditions in adolescents (Conway, Swendsen, Husky, He, & Merikangas, 2016). Conversely,
increased striatal responsivity to rewards in children ages 8-12 has been identified as a risk factor
for alcohol problems at follow-up visits 3-6 years later (Heitzeg et al., 2014). In contrast,
adolescent cannabis users have been reported to show heightened striatal responsivity to neutral
(but not reward) cues relative to controls (Jager, Block, Luijten, & Ramsey, 2013).
A second issue relatively neglected in the previous literature concerns poly-substance
use. Adolescents often use multiple substances based on availability (Moss et al., 2014). For
example, only one study to date has examined the effects of poly-substance use on reward
processing in adolescents (Karoly, Bryan, et al., 2015). In contrast to literature exploring AUD or
CUD individually (cf. (Beck et al., 2009; Jager et al., 2013; Martz et al., 2016; Nees et al., 2015),
Karoly and colleagues did not find any differences in striatal reward responsiveness between
adolescents with AUD or CUD and typically developing adolescents (2015). However, this may
reflect a categorical approach to considering the impact of poly-substance use. A dimensional
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approach to AUD or CUD severity might be more likely to reveal differential neural impacts
associated with use of these substances.
A third issue of interest is that the classic measure of reward sensitivity used extensively
in this work, the MID, not only identifies regions sensitive to reward but also regions sensitive to
response accuracy. Participants receive reward or avoid punishment as a function of their ability
to respond rapidly and accurately to a target presented for a short period of time. Incorrect
responses can either prevent the receipt of reward or result in the delivery of punishment
(monetary loss) depending on the MID variant. Incorrect responses across a variety of tasks,
including the MID, are associated with activity within dorsal striatum (putamen and caudate),
insula, anterior cingulate cortex/dorsomedial prefrontal cortex (ACC/dmPFC), dorsolateral
prefrontal cortex (dlPFC), parietal cortices, and visual cortices (Steele et al., 2014). There are
indications that error responsiveness is compromised in patients with substance abuse (Carey,
Nestor, Jones, Garavan, & Hester, 2015; Claus, Feldstein Ewing, Filbey, & Hutchison, 2013;
Hester, Nestor, & Garavan, 2009; Wesley, Hanlon, & Porrino, 2011). In particular, both alcohol
and cannabis abuse have been associated with decreased responses to errors in ACC/dmPFC,
parietal cortex and/or striatum (Carey et al., 2015; Claus et al., 2013; Hester et al., 2009; Wesley
et al., 2011) although one study has reported increased activity in ACC and parietal cortex to
errors in patients with alcohol dependence (Li, Luo, Yan, Bergquist, & Sinha, 2009). However,
little previous work has been conducted with adolescent participants or taken a dimensional
approach to examine the potentially differential effects of alcohol and cannabis use.
In the current study, we implemented a variant of the MID (Knutson, Fong, Adams,
Varner, & Hommer, 2001) in adolescents with varying degrees of AUD and CUD
symptomatology, including those with poly-substance use. We hypothesized that (i) participants
with high levels of AUD symptomatology, although perhaps not participants with high levels of
CUD symptomatology, would show reduced striatal responsivity to reward; and (ii) participants
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with high levels of AUD and CUD symptomatology would show reduced responses within
ACC/dmPFC and/or striatum to error feedback.

2.2 Materials and Methods
2.2.1 Participants
Study participants included 176 youths aged 14-18 years from both a residential
treatment program and the surrounding community. Youths recruited from the residential
treatment program had been referred for behavioral and mental health problems. For youths in the
residential treatment program, parental consent was obtained at each youth's intake assessment,
and youth assent was obtained approximately two weeks after admission. Afterward, participants
completed a clinical assessment at their first visit prior to all scan visits. Participants from the
community were recruited through flyers. Parents/legal guardians completed a telephone screen
to determine potential eligibility. Parental consent and youth assent for participants recruited from
the community was obtained immediately prior to a clinical assessment at the first visit. Clinical
assessment took place through psychiatric interviews conducted by licensed, board-certified
psychiatrists with the participants and their parents. All youths with significant substance abuse
histories (AUDIT≥4 and/or CUDIT≥8) were residents of the residential treatment program and
were abstinent for at least four weeks prior to scanning. However, it should be noted that because
youths were referred to the residential treatment program for general behavioral and mental
health problems, not all youths in the residential treatment program had significant substance
abuse histories. Twenty-six youth were excluded due to excessive movement (>15% censored
volumes at >0.5 mm motion across adjacent volumes) and/or low response rate (<60% response
rate) on the MID during fMRI scanning. This resulted in a final sample of 150 youths (109 from
the residential treatment program and 41 from the community); average age=16.1 years,
(SD=1.08), IQ=100.5 (SD=12.29), and 92 (61%) male.
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Eighty-six youth endorsed having used alcohol and/or cannabis once or more in the past
year on the Alcohol Use Disorder Identification Test (AUDIT) and the Cannabis Use Disorder
Identification Test (CUDIT), respectively (Adamson et al., 2010; Saunders, Aasland, Babor, de la
Fuente, & Grant, 1993). AUDIT scores ranged from 0-34 (M=4.0; SD=6.77) and CUDIT scores
ranged from 0-32 (M=7.3, SD=9.37). There were no significant correlations between age, IQ,
AUDIT scores, and CUDIT scores (r's<0.155, ns) and there were no significant differences
between males and females on AUDIT scores or CUDIT scores (t's<1.91, ns).
Of the youths endorsing alcohol and/or cannabis use during their lifetimes, 22 youths
showed subclinical levels of alcohol and/or cannabis use while 64 met the clinical cutoff on the
AUDIT and/or CUDIT suggestive of adolescent AUD (AUDIT≥4) or CUD (CUDIT≥8),
respectively (Adamson et al., 2010; Fairlie, Sindelar, Eaton, & Spirito, 2006). Forty-seven
participants had an AUDIT score ≥4 and 56 participants had a CUDIT score≥8. In line with
previous work indicating high rates of poly-substance use in adolescents (Moss et al., 2014), 38
participants had both an AUDIT score ≥4 and CUDIT score ≥8.
Exclusion criteria included IQ<75 assessed with the Wechsler Abbreviated Scale of
Intelligence (WASI two-subtest form; Wechsler, 1999), pregnancy, non-psychiatric medical
conditions that require the use of medication that may have psychotropic effects (e.g., beta
blockers or steroids), current psychosis, pervasive developmental disorders, Tourette’s disorder,
neurological disorders, presence of metallic objects in the body (e.g., braces, metal plates,
pacemakers), and claustrophobia. Use of psychotropic medications for psychiatric indications
(e.g., stimulants, selective serotonin reuptake inhibitors), however, was not an exclusion criterion.
However, participants on stimulant medication were asked to withhold medication for 24 hours
prior to scanning.
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2.2.2 Measures
2.2.2.1 Monetary Incentive Delay (MID) Task
Participants completed a Monetary Incentive Delay (MID) task similar to that used
previously (Knutson et al., 2001); see Figure 1. In this paradigm, the participant’s task is to
respond with a button press when a stimulus (an image of superman) is on the screen (depicted as
a blue square in Figure 2). Successful performance can either win, or avoid the loss of, money.
On each trial, participants first saw a cue for 250 ms that indicated whether the trial was a
win or lose trial and the amount of money that was at stake. Green arrows indicated that
successful task performance would win money (reward trials) while red arrows (punishment
trails) indicated that they could lose money if they did not respond quickly enough. A grey bar
indicated that no money was at stake (neutral trials). On reward and punishment trials, the
number of arrows depicted the amount of money that could be won/lost: one=20 cents; two=$1;
three=$3; four=$5. There was then a jittered interval (1000-3000 ms) between the cue and the
presentation of the target. The target was then presented for 160-360 ms based on performance on
a practice run performed prior to scanning. This ensured a success rate of approximately 66%.
Responding within the response window engendered the expected money reward (reward trials)
or avoided punishment (punishment trials). Too slow responses either results in no reward
(reward trials) or money lost (punishment trials). They were also provided with a running total of
money they had won throughout the task. There were 48 reward trials, 48 punish trials, and 12
neutral trials, yielding 108 total trials.
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Figure 2. Diagram of MID task. The cue indicates the amount of money the participant is
playing to win (green) or avoid losing (red); after the cue disappears, there is a variable delay;
after the delay a target (superman- depicted in the figure as the blue square) appears and
participants respond; participants are then provided one of five types of feedback: reward
accurate, reward inaccurate, punishment accurate, punishment inaccurate, or neutral feedback.
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2.2.2.2 Substance Use Disorder Assessments
Youths completed the Alcohol Use Disorder Identification Test (AUDIT) and the
Cannabis Use Disorder Identification Test (CUDIT). These scales assess overall symptomatology
of AUD and CUD, respectively, including overall quantity/frequency of use, abuse symptoms,
and dependence symptoms. These scales show high validity, as elevated scores on these scales
are associated with a high likelihood of an AUD and/or CUD diagnosis (Adamson et al., 2010;
Saunders et al., 1993). Smoking status was determined using the Monitoring the Future Survey
(Miech et al., 2016). As can be seen in Table 1, participants meeting clinical cut-offs on the
AUDIT/CUDIT were more likely to endorse past smoking while sub-clinical AUDIT/CUDIT
scores were associated with rare past tobacco usage. Most participants who did not endorse prior
alcohol or cannabis use also endorsed no prior smoking history.

2.2.2.3 Psychiatric Symptomatology Assessments
In order to provide more details on psychiatric co-morbidities, levels of externalizing,
anxiety, and depressive symptomatology were assessed. Externalizing behaviors from the past six
months were assessed using the externalizing problems subscale of the parent-report version of
the Childhood Behavior Checklist (CBCL; Achenbach & Rescorla, 2001). The self-report version
of the Screen for Child Anxiety and Related Disorders (SCARED) was used to assess levels of
anxiety symptoms from the past three months (Birmaher et al., 1997). The parent-report version
of the Mood and Feelings Questionnaire (MFQ) was used to assess levels of depressive
symptoms from the past two weeks (Angold et al., 1995).

2.2.3 MRI Parameters
All data were collected on a 3T Siemens Skyra scanner. A total of 274 functional images
were taken with a T2* weighted gradient echo planar imaging (EPI) sequence (repetition
time=2500 ms; echo time=27 ms; 240 mm field of view; 94x94 matrix; 90o flip angle). Whole-
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brain coverage was obtained with 43 axial slices (thickness, 2.5 mm; voxel size 2.6x2.6x2.5
mm3). A high-resolution T1 anatomical scan (MP-RAGE, repetition time=2200 ms; echo
time=2.48 ms; 230 mm field of view; 8o flip angle; 256x208 matrix; thickness, 1 mm; voxel size
.9x.9x1 mm3) in register with the EPI data set was obtained covering the whole brain with 176
axial slices.

2.2.4 fMRI Analysis: Data Preprocessing and Individual Level Analysis
Functional MRI data were preprocessed and analyzed using Analysis of Functional
NeuroImages (AFNI) software (Cox, 1996). The first four volumes in each scan were discarded.
The anatomical scan for each participant was registered to the Talairach and Tournoux atlas
(Talairach & Tournoux, 1988) using the TT_N27 template and each participant’s functional EPI
data were registered to their Talairach anatomical scan in AFNI. Functional images were motion
corrected and spatially smoothed with a 6-mm full width half maximum Gaussian kernel. The
data then underwent time series normalization by dividing the signal intensity of a voxel at each
time-point by the mean signal intensity of that voxel for each run and multiplying by 100.
Therefore, the resultant regression coefficients are representative of a percentage of signal change
from the mean.
Afterward, nine regressors were generated: punishment trial cue, reward trial cue, neutral
trial cue, inaccurate punishment trial feedback, accurate punishment trial feedback, neutral
feedback, inaccurate reward trial feedback, accurate reward trial feedback, and trials with no
responses (e.g., trials where participants failed to respond to the target). Furthermore, the
incentive amount for each individual trial was used to modulate the percent signal change at each
voxel and time point. For reward and punishment trials, the incentive magnitude for each trial
was used to modulate the percent signal change at each voxel and time-point. Regressors were
generated by convolving the train of stimulus events with a gamma-variate hemodynamic
response function to account for the slow hemodynamic response. GLM fitting was performed
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with the nine regressors listed; six motion regressors, and a regressor modeling a first-order
baseline drift function. This process produced an unmodulated β-coefficient and an associated tstatistic for each voxel and regressor. Modulated β-coefficients and associated t-statistics were
produced for the punishment cue, reward cue, inaccurate punishment feedback, accurate
punishment feedback, inaccurate reward feedback, and accurate reward feedback regressors.

2.2.5 fMRI Analysis: Group Analysis
To reduce skewness and kurtosis, a Rankit Transformation was applied to participants'
AUDIT and CUDIT scores (Bliss, Greenwood, & White, 1956). The Rankit-Transformed
standardized AUDIT and CUDIT scores were used for all analyses. For AUDIT scores, pretransformation skewness and kurtosis values were 2.19 and 4.75, respectively (right-skewed).
Post-transformation, skewness and kurtosis values for AUDIT scores were 0.84 and -0.28. For
CUDIT scores, pre-transformation skewness and kurtosis values were 1.01 and -0.19,
respectively (right-skewed). Post-transformation skewness and kurtosis values for CUDIT scores
were 0.80 and -0.44, respectively.
There were two group-level analyses performed on the feedback-phase data. First, we ran
a univariate ANCOVA on the BOLD response data modulated by the value of the reward
received. This analysis used the modulated accurate reward feedback regressor. Secondly, we ran
a 2 (Reinforcement: Punishment, Reward)-by-2 (Accuracy: Inaccurate, Accurate) repeatedmeasures ANCOVA on the unmodulated BOLD response feedback data. This analysis used the
unmodulated inaccurate punishment, accurate punishment, inaccurate reward, and accurate
reward feedback regressors. In both ANCOVAs, AUDIT scores, CUDIT scores, and the AUDITby-CUDIT interaction were entered as continuous covariates. Follow-up correlations and
Steiger’s-Z tests were performed within SPSS 22.0 and using freely available online tools (Lee &
Preacher, 2013). To facilitate future meta-analytic work, effect sizes for all clusters are reported.
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Because there were no relationships between AUDIT/CUDIT scores and age/gender (see Table
2), we did not covary for age or gender in our analyses.
Given our a priori hypotheses, we first constructed a region of interest (ROI) comprising
the striatum and ACC/dmPFC. The striatum mask was created by combining voxels labeled as
putamen, caudate, or accumbens within the TT_Daemon atlas in AFNI (Talairach & Tournoux,
1988). The ACC/dmPFC mask was created by combining all voxels anterior to midline that were
labeled as anterior cingulate or cingulate gyrus within the TT_Daemon atlas in AFNI (Talairach
& Tournoux, 1988). These two masks were then combined to create a single mask. Analyses were
initially performed within this mask, with an initial threshold of p=.002 (Cox, Chen, Glen,
Reynolds, & Taylor, 2017a) and a cluster-wise small-volume correction was applied (corrected
p=.05). The small-volume corrected extent threshold was 9 voxels. For completion, we also
conducted an exploratory whole-brain analysis. The initial threshold was set at p=.002 (Cox et al.,
2017a) and the extent threshold for the whole-brain analysis was 26 voxels. Post-hoc analyses
were conducted on the percent signal change taken from all significant voxels within each ROI
and whole-brain functional masks generated by AFNI to examine significant main effects and
interactions with planned follow-up testing within SPSS 22.0.

2.3 Results
2.3.1 Clinical Correlations
Correlation analyses were conducted to determine the relationships between AUD, CUD,
and psychiatric symptom levels dimensionally. This analysis revealed a positive correlation
between AUDIT and CUDIT scores [r=.70, p<.001]. Both AUDIT and CUDIT scores were
significantly positively associated with levels of ADHD symptoms [CBCL ADHD raw score;
r's=0.31; p's<.001], conduct disorder symptoms [CBCL Conduct Problems raw score; r's=0.33;
p's<.001], and depressive symptoms [MFQ total score; r's=0.33 & 0.32 respectively; p's<.001]. In
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addition, AUDIT score was significantly positively associated with anxiety (SCARED total score;
r=0.20). Importantly, there were no significant differences in correlation strengths between
AUDIT and CUDIT scores and levels of psychopathology [Steiger’s-Z's=-0.46-0.95, p's>.05].
There were also no differential correlations between AUDIT and CUDIT scores and level of
smoking [Steiger’s-Z=-0.39, p>.05]. Given the high correlation between AUDIT and CUDIT
scores within this sample [r=0.70], the variance inflation factors (VIF) were calculated for our
regression models. The VIFs for AUDIT, CUDIT, and AUDIT-by-CUDIT interaction were all
<2.5, indicating acceptable levels of collinearity. See Tables 1 and 2 for more details.
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Table 1. Clinical and Demographic Characteristics
No SU (n=64)
Subclinical SU (n=21)

AUDIT ≥ 4 (n=47)a

CUDIT ≥ 8 (n=56)a

Age
15.8 (1.07)
16.8 (0.98)
16.3 (1.08)
16.13 (1.03)
IQ
101.5 (13.61)
102.5 (13.06)
97.7 (10.45)
98.7 (11.14)
% Male
64.1
42.9
55.3
64.3
ADHD
43.8%
33.3%
68.0%
67.9%
CD
32.8%
33.3%
72.3%
78.6%
PTSD
14.1%
19.0%
27.7%
17.9%
SAD
21.9%
23.8%
27.7%
42.9%
GAD
14.1%
23.8%
36.2%
67.9%
MDD
23.4%
47.6%
31.9%
50.0%
CBCL ADHD Raw
4.0 (4.01)
3.35 (3.50)
7.2 (3.32)
6.9 (3.16)
Score
CBCL CD Raw Score
6.7 (7.77)
6.6 (7.74)
14.1 (6.67)
13.7 (6.16)
CBCL Externalizing T55.6 (15.42)
54.8 (16.80)
72.1 (8.98)
71.3 (7.98)
score
SCARED Social
5.0 (3.75)
5.2 (4.20)
5.5 (4.36)
5.2 (3.94)
Anxiety Score
SCARED Generalized
5.7 (4.96)
5.5 (4.57)
8.0 (5.37)
7.3 (4.8)
Anxiety Score
SCARED Total Score
18.3 (14.75)
17.8 (13.31)
24.9 (18.59)
21.9 (15.62)
MFQ
8.2 (11.22)
9.5 (11.02)
19.4 (14.34)
19.2 (14.07)
AUDIT
0 (0)
1.4 (1.02)
11.8 (7.53)
8.7 (8.42)
CUDIT
0 (0)
2.7 (2.85)
15.5 (8.56)
18.1 (6.54)
Smokingb
0.2 (0.63)
1.2 (1.22)
2.8 (1.12)
2.6 (1.36)
% from Community
48.4%
47.6%
0%
0%
a
38 participants had an AUDIT score≥4 and a CUDIT score≥8, these participants are included in both groups. Total N=150
participants
b
Smoking is measured using the smoking item from the Monitoring the Future Questionnaire (“Have you ever smoked cigarettes”).
Responses are recorded on a likert scale from 0-4 (0=Never, 4=Regularly now).
Note: ADHD = Attention Deficit/Hyperactivity Disorder; CD = Conduct Disorder; PTSD = Post Traumatic Stress Disorder; SAD =
Social Anxiety Disorder; GAD = Generalized Anxiety Disorder; MDD = Major Depressive Disorder; CBCL=Child Behavior Checklist;
SCARED=Screen for Child Anxiety and Related Disorders; MFQ=Mood and Feelings Questionnaire; AUDIT=Alcohol Use Disorder
Identification Test; CUDIT=Cannabis Use Disorder Identification Test; Diagnoses may overlap; for example, participants may have both
ADHD and CD, PTSD and GAD, etc.
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Table 2. Zero-Order Correlations Across Demographic and Clinical Variables
1
2
3
4
5
6
7
1. Age
2. IQ
0.18†
a
3. Gender
0.01
-0.01
4. AUDIT
0.15
-0.16
-0.16
5. CUDIT
0.13
-0.15
-0.01
0.70*
†
6. Smoking
0.20
-0.11
0.09
0.69*
0.67*
7. CBCL- ADHD
-0.02
-0.02
0.08
0.31*
0.31* 0.37*
8. CBCL- Conduct
-0.03
-0.10
0.08
0.33*
0.33* 0.43* 0.70*
9. CBCL-0.02
-0.12
0.11
0.40*
0.41* 0.48* 0.78*
Externalizing
10. SCARED- SAD
0.15
0.13
-0.27
0.05
0.09
-0.07
-0.01
†
11. SCARED- GAD
0.16
0.18
-0.35* 0.21*
0.18
0.08
0.12
12. SCARED- Total
0.11
0.11
-0.36* 0.20†
0.14
0.04
0.10
13. MFQ- Total
0.07
-0.11
-0.10
0.33*
0.32* 0.25* 0.50*
a- Gender coded as Female=0, Male=1, †significant at p<0.05, *significant at p<0.01

8

9

10

11

12

-0.09
0.09
0.08
0.54*

0.68*
0.80*
0.14

0.91*
0.32*

0.29*

0.92*
-0.11
0.05
0.04
0.45*
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2.3.2 Behavioral Results
We ran two one-way (Reinforcement: Punishment, Reward) repeated measures
ANCOVAs on both the accuracy and response time (RT) data with Rankit-transformed AUDIT
and CUDIT scores as continuous covariates. For accuracy, the main effect of reinforcement was
not significant [F(1,146)=0.19, ns]. There were significant effects of both AUDIT
[F(1,146)=4.17, p<.05; AUDIT scores were inversely associated with accuracy; r=-.167, p<.05]
and CUDIT scores [F(1,146)=5.91, p<.05; CUDIT scores were positively associated with
accuracy; r=.197, p<.05]. There were no significant reinforcement-by-covariate interaction
effects.
With regards to RT, the main effect of reinforcement was not significant [F(1,146)=0.09,
ns]. However, there were significant effects of both AUDIT [F(1,146)=4.57, p<.05]; AUDIT
scores were positively associated with RT [r=.174, p<.05] and CUDIT scores [F(1,146)=4.61,
p<.05]; CUDIT scores were inversely associated with RT [r=-.175, p<.05]. There were no
significant reinforcement-by-covariate interaction effects.

2.3.3 Movement Data
Twenty-six participants were excluded due to excessive motion or low response rate on
the task. Within the final sample (N=150), volumes were censored if there was >0.5 mm motion
across adjacent volumes. Participants were excluded if they had >15% censored volumes. There
were no significant correlations between AUDIT scores and CUDIT scores and censored
volumes, average motion per volume, and maximum displacement during scanning within the
final sample [r's=-.02--.13, p's>.05].
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2.3.4 fMRI Results
The goals of this study were to examine the extent to which adolescent AUD and/or CUD
symptomatology related to: (i) dysfunction in brain regions responding to reward; and (ii) regions
responsive to reinforcement received and accuracy. These goals were examined via two analyses
(main effects of task can be found in Appendix A):

2.3.4.1 The impact of AUD and/or CUD symptomatology on regions responsive to
reward
The impact of AUD and/or CUD symptomatology on regions responsive to reward was examined
by a univariate ANCOVA on the BOLD response data modulated by reward received during the
feedback phase of accurate reward trials. Rankit-transformed AUDIT and CUDIT scores were
included as continuous covariates.

2.3.4.1.5 Main Effect of AUDIT
There was a significant main effect of AUDIT scores on BOLD response modulated by
reward received within bilateral ventral striatum (small-volume corrected) (Figure 3A, Table 3).
Within both clusters, there was an inverse relationship between AUDIT scores and modulated
BOLD response [left VS: r=-.340, p<.001; right VS: r=-.327, p<.001]; i.e., increasing AUD
symptomatology was associated with decreased striatal modulation by reward received. No
effects survived correction for multiple comparisons within the whole-brain analysis.
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2.3.4.2 The impact of AUD and/or CUD symptomatology on regions responsive to
reinforcement received and accuracy
The impact of AUD and/or CUD symptomatology on regions responsive to
reinforcement received and accuracy was examined with a 2 (Reinforcement: Punishment,
Reward)-by-2 (Accuracy: Inaccurate, Accurate) repeated-measures ANCOVA on the
unmodulated BOLD response data. Rankit-transformed AUDIT and CUDIT scores were entered
as continuous covariates.

2.3.4.2.1 AUDIT-by-Reinforcement Interaction
There was a significant AUDIT-by-Reinforcement interaction effect in the posterior
cingulate cortex (Figure 3B, Table 4). There was a significantly stronger negative relationship
between AUDIT scores and BOLD response on reward trials relative to punishment trials [rrew=.11, rpun=.18; Steiger’s-Z=3.93, p<.001].

2.3.4.2.2 AUDIT-by-Accuracy Interaction
There was a significant AUDIT-by-Accuracy interaction effect in lingual gyrus and
cuneus. In lingual gyrus, there was a significantly stronger negative relationship between AUDIT
scores and BOLD response on during feedback on accurate trials relative to inaccurate trials
[Steiger’s-Z=3.86, p<.001]. In cuneus, there was a significantly more positive relationship
between AUDIT scores and BOLD response during feedback on inaccurate trials relative to
accurate trials [Steiger’s-Z=3.80, p<.001].

2.3.4.2.3 CUDIT-by-Accuracy Interaction
There was a significant CUDIT-by-Accuracy interaction within two regions of lingual
gyrus and putamen (small-volume corrected) (Figure 4A, Table 4). Within all regions there was a
significantly stronger negative relationship between CUDIT scores and BOLD response during
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feedback for inaccurate trials relative to feedback for accurate trials [r'sinacc=-.27 to -.18, r'sacc=.06
to 0.14; Steiger’s-Z's=-3.59 to -4.30, p's<.001].

2.3.4.2.4 CUDIT-by-Reinforcement-by-Accuracy Interaction
There was a significant CUDIT-by-Reinforcement-by-Accuracy interaction within the
left ACC (small-volume corrected) (Figure 4, Table 4). Within this region, there was a
significantly stronger negative relationship between CUDIT scores and BOLD response during
feedback on inaccurate punishment trials [r=-.30, p<.001] relative to all other outcomes [all other
r's=-.02 to .09; Steiger’s-Z's=-2.94 to -4.26, p's<.005].

2.3.5 Potential Confounds
Calculation of Mahalanobis Distances revealed three multivariate outliers; therefore, the
same analysis was repeated with these outliers removed from the dataset (Tables B1-B2). To rule
out the possibility that smoking may have influenced our results, this analysis was repeated with
participants who endorsed current regular smoking removed from the sample (Tables B3-B4).
Since MID performance was related to AUDIT scores and CUDIT scores, the same analysis was
repeated with MID accuracy as a covariate (Tables B5-B6). These analyses yielded similar results
(Appendix B). Since there were no differential correlations between AUDIT/CUDIT scores and
ADHD symptoms, conduct problems, depressive symptoms, and anxiety symptoms, we did not
repeat these analyses with these measures entered as covariates.

29

Figure 3. Main Effect of AUDIT score on modulation of BOLD response by reward
value within (A) bilateral ventral striatum. Participants with higher AUDIT scores showed
decreased striatal modulation by reward receipt during the outcome phase of the MID task.
* indicates partial correlation values significant at p<.05. (B) AUDIT-by-Reinforcement
interaction on unmodulated BOLD response within the PCC. Participants with higher
AUDIT scores showed decreased responses in PCC when receiving feedback on reward
trials relative to punishment trials. * indicates significant differences between partial
correlation values (Steiger’s-Z>1.96, p<.05).
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Figure 4. CUDIT-by-Accuracy interaction on umodulated BOLD response within the
(A) putamen. Participants with higher CUDIT scores showed decreased responses in
putamen when receiving feedback on inaccurate trials relative to feedback on accurate trials.
CUDIT-by-Reinforcement-by-Accuracy interaction effect within the (B) ACC/dmPFC.
Participants with higher CUDIT scores showed decreased responses on punishment
inaccurate trials relative to all other trials. * indicates significant differences between partial
correlation values (Steiger’s-Z>1.96, p<0.05).
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Table 3. Brain regions demonstrating significant effects of AUDIT scores on BOLD Response Modulation by Reward
Value
Coordinates of Peak Activationb
a
Region
Hemisphere
BA
x
y
z
F
Partial η2
Voxels
Striatum ROI
Ventral Striatumc
L
-16
14
-4
19.11
0.116
22
Ventral Striatumc
R
11
8
-1
17.51
0.107
11
Note: a According to the Talairach Daemon Atlas (http://www.nitrc.org/projects/tal-daemon/), b Based on
the Tournoux & Talairach standard brain template, cSignificant at a small volume corrected threshold,
BA= Brodmann’s Area
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Table 4. Brain regions demonstrating significant AUDIT-by-CUDIT, AUDIT-by-reinforcement, AUDIT-by-accuracy,
CUDIT-by-accuracy, and CUDIT-by-reinforcement-by-accuracy interaction effects on unmodulated BOLD responses
Coordinates of Peak Activationb
Regiona
Hemisphere
BA
x
y
z
F
Partial η2
Voxels
AUDIT-by-Reinforcement
PCC
R/L
31
8
-46
35
16.95
0.104
39
AUDIT-by-Accuracy
Lingual Gyrus
R
19
26
-67
-4
20.86
0.125
67
Cuneus
L
18/30
-10
-64
8
15.78
0.098
30
CUDIT-by-Accuracy
Putamenc
R
23
-4
8
15.03
0.093
14
Lingual Gyrus
R
18
11
-70
-4
20.60
0.124
94
Lingual Gyrus
L
18
-13
-67
5
15.33
0.095
35
CUDIT-by-Reinforcement-by-Accuracy
ACC/dmPFCc
L
32
-13
17
35
21.54
0.129
15
Note: a According to the Talairach Daemon Atlas (http://www.nitrc.org/projects/tal-daemon/), b Based on
the Tournoux & Talairach standard brain template, cSignificant at a small-volume corrected threshold,
BA= Brodmann’s Area
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2.4 Discussion
This study examined the relationships between AUDIT and CUDIT scores and
dysfunction in neural systems underlying reinforcement outcomes in adolescents with varying
degrees of AUD and CUD symptoms. There were three main findings that revealed distinct
relationships between AUD or CUD symptoms and neural dysfunction. First, increasing AUDIT
score was associated with decreasing striatal modulation by magnitude of reward received.
Second, increasing AUDIT score was associated with reduced PCC recruitment during feedback
for reward relative to punishment trials. Third, increasing CUDIT score was associated with
decreased activation in ACC/dmPFC and putamen during feedback on inaccurate punishment
trials relative to all other trials.
In line with our predictions, increased AUDIT scores were associated with decreased
BOLD response modulation by magnitude of reward receipt in the ventral striatum (VS) with a
medium effect size. The VS is a brain region that is sensitive to reward receipt (Diekhof et al.,
2012) and has been implicated in SUDs (Koob & Volkow, 2016). Previous work has shown has
shown that alcohol dependence in rats is associated with decreased dopaminergic activity in the
striatum and decreased sensitivity to non-drug rewards (Koob & Volkow, 2016). Furthermore,
alcohol dependence in adults is associated with reduced dopamine transmission in the striatum
(Martinez et al., 2005) and blunted striatal responses to reward (Beck et al., 2009; Nees et al.,
2015; Wrase, Schlagenhauf, et al., 2007). In particular, Nees et al. reported blunted striatal
responses to reward receipt as a function of AUDIT scores in a group of typically developing
adolescents (2015). The current data complement this report by replicating this finding in a
clinically relevant sample of adolescents with psychiatric co-morbidities. However, it is unclear
from these data whether decreased VS reward responsivity is a cause or effect of AUD
symptoms. In short, consistent with both the animal literature and the adult human fMRI work,
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increasing AUDIT scores were associated with decreased ventral striatal responsiveness to level
of reward in an adolescent sample.
Our second finding was that there was a significantly stronger negative relationship
between AUDIT scores and PCC activation on feedback during reward trials relative to
punishment trials; increasing levels of AUD symptomatology were associated with decreased
responsiveness to reward within PCC with a medium effect size. The PCC has been reliably
linked to the representation of subjective value; increasing responsiveness as a function of
increasing reward level (Clithero & Rangel, 2013). Moreover, PCC may use this information to
guide attention to external stimuli (Gusnard & Raichle, 2001). The processes underlying attention
to external stimuli are thought to be dysfunctional in individuals with SUDs (DeWitt,
Ketcherside, McQueeny, Dunlop, & Filbey, 2015). Individuals with SUDs are thought to be
hyper-attentive to drug-related stimuli but hypo-attentive to non-drug-related stimuli (DeWitt et
al., 2015). In adults and adolescents with AUD, there is increased activity in PCC and precuneus
when viewing alcoholic beverages compared to controls (S F Tapert et al., 2003; Wrase,
Schlagenhauf, et al., 2007), but reduced responses in these brain regions during monetary loss
avoidance (Wrase, Schlagenhauf, et al., 2007) and during monetary gain (Crowley et al., 2010).
We suggest that hypo-reward sensitivity within VS reduces reward-related activity within PCC
potentially compromising attention to stimuli associated with (non-drug) reward receipt. In short,
we believe the current data suggest that increasing AUDIT scores in adolescents are associated
with decreasing reward responsiveness and consequent decreased attention to stimuli associated
with (non-drug) reward.
It should be noted that CUDIT score, unlike AUDIT score, was unrelated to striatal
modulation by reward. In some respects, this is unexpected. One prominent model of substance
abuse suggests that substance use leads to dependence through the down-regulation of striatal
dopamine receptors (Koob & Volkow, 2016). The current data indicate that this component of the
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model at least is less applicable to understanding cannabis abuse. However, while somewhat
unexpected theoretically, it is less unexpected on the basis of the previous literature. Thus, there
has been marked inconsistency regarding level of reward responsiveness in cannabis-using adults
with studies indicating hypo-responsiveness (Martz et al., 2016; van Hell et al., 2010) but many
finding no group differences (F. M. Filbey et al., 2013; Karoly, Bryan, et al., 2015). It is possible
that acute cannabis relative to acute alcohol use has a lesser impact on striatal dopamine release
(and thus less down-regulation of striatal dopamine receptors following cannabis abuse relative to
alcohol abuse).
Our third finding was that there was a stronger negative relationship between CUDIT
scores and BOLD responses while receiving feedback for inaccurate trials relative to accurate
trials within the putamen and inaccurate punishment trials relative to all other outcomes within
ACC/dmPFC with a medium effect size. The putamen and ACC/dmPFC have been implicated in
the error detection network (Steele et al., 2014). Neuroimaging data indicate that adults with
chronic cannabis use histories show reduced activations in these brain regions during error
detection, and that these dysfunctions are related to decreased error awareness (Hester et al.,
2009) and impaired learning (Carey et al., 2015; Wesley et al., 2011). In particular, Wesley et al.
reported that adult chronic cannabis users showed decreased ACC/dmPFC activation to loss
outcomes and impaired learning during the Iowa Gambling Task compared to healthy controls
(2011). This suggests that chronic cannabis users may be less sensitive to negative feedback.
Consistent with adult fMRI work, our data indicate that increasing CUDIT scores are associated
with decreased striatal and ACC/dmPFC responsivity to errors, particularly those resulting in
negative outcomes, in an adolescent sample.
The results of this study must be viewed in light of five caveats. First, we did not conduct
urine or Breathalyzer testing at the time of scanning. However, all of the youths with significant
substance abuse histories were residents of a highly supervised residential treatment facility and
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were abstinent for at least four weeks prior to scanning, mitigating this concern. A second caveat
is that this study was cross-sectional. This means that it is not possible to ascertain whether the
observed relationships reflected impact of alcohol and/or cannabis abuse on the developing brain
or pre-existing risk factors for AUD and/or CUD symptomatology. Longitudinal neuroimaging
work has shown that alcohol and cannabis use alter neurodevelopment (F. M. Filbey et al., 2015;
Squeglia et al., 2015). However, it should be noted that it is not clear whether there are preexisting neural risk factors that place an individual at risk specifically for AUD rather than CUD
(or vice-versa). The fact that there were differential relationships between AUDIT scores and
CUDIT scores on brain function in the MID might suggest that the current results are more
reflective of the impact of AUD and/or CUD on the developing brain. However, longitudinal
work would need to confirm this. A third caveat is that the sample investigated here reflected
clinical reality, as there was a high degree of psychiatric co-morbidity in participants scoring high
on the AUDIT and/or CUDIT. As such, the findings presented here might reflect psychiatric
symptoms related to co-morbid conditions rather than AUD/CUD symptomatology. While it
would be possible to test participants without co-morbid psychopathology, this would mean
investigating a clinically unusual sample. Furthermore, increasing substance abuse is
hypothesized to compromise functions associated with the emergence of many psychiatric
conditions (Koob & Volkow, 2016). Critically, however, there were no significant differences
between the relationships of AUD and CUD severity and externalizing, anxiety, or depressive
psychopathologies, mitigating this concern. Fourth, AUDIT and CUDIT scores were both
associated with MID accuracy. Therefore, it could be argued that the neural dysfunction related to
CUD symptoms and error detection is an artifact of differences in task performance. However,
these effects remained significant even after controlling for accuracy (Supplemental Material;
Table S8), mitigating this concern. Finally, other indices of substance involvement were not
available (e.g., age of first use, cumulative exposure, length of abstinence). Previous work has
shown that in adult cocaine users, length of abstinence is associated with striatal reward response
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(Bustamante et al., 2014). Additionally, duration of alcohol abstinence has been associated with
increased grey matter volume in prefrontal cortex in adults recovering from alcohol dependence
(Durazzo, Mon, Gazdzinski, Yeh, & Meyerhoff, 2015). In short, it is likely that one or more of
these variables, in particular length of abstinence, may modulate the strength of the findings here.
In summary, we found that AUDIT score was related to reduced reward responsiveness
within VS and PCC. However, CUDIT score was particularly related to reduced responsiveness
to punished errors within brain regions involved in error detection including ACC/dmPFC and
dorsal striatum. These data suggest that there are differential neural correlates of AUD versus
CUD symptomatology in adolescents.
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Chapter 3. Adolescents show differential dysfunctions related to Alcohol and
Cannabis Use Disorder severity in emotion and executive attention neuro-circuitries
3.1 Introduction
Two of the most commonly abused substances by adolescents in the US are alcohol and
cannabis (Miech et al., 2016). Notably, epidemiological evidence suggests that adolescent alcohol
users are twice as likely to develop Alcohol Use Disorder (AUD) while adolescent cannabis users
are over three times as likely to develop Cannabis Use Disorder (CUD) by age 26 than non-users
(Winters & Lee, 2008). Furthermore, adolescents who initiate substance use face a more severe
disease course and a greater likelihood of relapse (Babor et al., 1992). This may reflect the
deleterious neurodevelopmental impact of substance abuse on the adolescent brain (F. M. Filbey
et al., 2015; Squeglia et al., 2015), which is undergoing critical changes at this time (Goddings et
al., 2014).
One neuro-circuitry undergoing development during adolescence that may be disrupted
by substance abuse is the neuro-circuitry mediating emotional processing (Koob & Volkow,
2016). Animal work suggests that substance dependence leads to decreased striatal response to
reward and increased amygdala responsiveness to stress (Koob & Volkow, 2016). In line with
this, there have been reports of increased amygdala responses to negative images in alcohol
dependent adults relative to controls (Gilman & Hommer, 2008), and in undergraduate students
who also demonstrated relatively low ventral striatal responsiveness to reward (Nikolova, Knodt,
Radtke, & Hariri, 2016). Additionally, there has been at least one report of increased amygdala
responsiveness to angry relative to neutral faces in adolescents with mild cannabis use histories
(group average: <5 times lifetime usage) (Spechler, Orr, Chaarani, Kan, Mackey, Morton, Snowe,
Hudson, Althoff, Higgins, Cattrell, Flor, Nees, Banaschewski, Bokde, Whelan, Büchel,
Bromberg, Conrod, Frouin, Papadopoulos, Gallinat, Heinz, Walter, Ittermann, Gowland, Paus,
Poustka, Martinot, Artiges, Smolka, IMAGEN Consortium & Garavan 2015). However, other

39

work has reported reduced amygdala responses to emotional relative to neutral faces in alcohol
dependent adults (O’Daly et al., 2012) and in adult heavy cannabis smokers relative to healthy
control adults (Gruber, Rogowska, & Yurgelun-Todd, 2010). In short, the human fMRI literature
is somewhat inconsistent and focused on studies with adult participants.
A second putative neuro-circuitry disrupted by substance abuse is that mediating
behavioral inhibition (Feldstein Ewing, Sakhardande, & Blakemore, 2014; Silveri, Dager, CohenGilbert, & Sneider, 2016; Spear, 2016); i.e., anterior cingulate/dorsomedial prefrontal cortices
(ACC/dmPFC) and anterior insular cortex/inferior frontal gyrus (aIC/iFG; Criaud and
Boulinguez, 2013). Moreover, substance abuse may also disrupt regions showing dense
projections with ACC/dmPFC (i.e. dorsolateral prefrontal (dlPFC) and parietal cortices) which
are critical for executive attention (Desimone & Duncan, 1995; Squire, Noudoost, Schafer, &
Moore, 2013). Neuroimaging work has revealed that, relative to controls, undergraduate students
and adults with heavy alcohol use histories show reduced ACC responses during NoGo trials
relative to baseline (Ahmadi et al., 2013; Claus et al., 2013) and reduced dlPFC responses during
successful, relative to unsuccessful, Stop trials during a Stop Signal Task (Li et al., 2009).
Furthermore, ACC functional connectivity has been identified as a predictor of relapse in adults
aged 18-50 with AUD (Zakiniaeiz, Scheinost, Seo, Sinha, & Constable, 2017). The literature in
adolescents aged 18 and younger has been more mixed. One study reported an inverse
relationship between prior alcohol consumption and aIC responses to incongruent relative to
congruent trials during a Stroop task (Thayer et al., 2015). Another study which tracked youths
from early to late adolescence reported that adolescents (ages 11-17) who later transitioned into
heavy drinking showed decreased activity within middle frontal and parietal cortices in NoGo
relative to Go trials prior to the onset of heavy drinking compared to controls who did not
transition into heavy drinking (Norman et al., 2011; Wetherill, Squeglia, Yang, & Tapert, 2014).
At a three-year follow-up after the onset of heavy drinking (at ages 14-21), adolescents who did
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transition to heavy drinking showed increased BOLD responses in these contrasts and brain
regions relative to their baseline scans. However, participants who did not transition to heavy
drinking showed decreased BOLD responses in these contrasts and brain regions relative to their
baseline scans (Wetherill et al., 2014).
The empirical literature suggests a rather different relationship between cannabis usage
and brain regions implicated in behavioral inhibition or executive attention, specifically increased
(potentially compensatory) recruitment of these regions. In a Stroop task, adults with histories of
heavy cannabis use showed increased ACC and dlPFC activity during interference trials relative
to controls (Gruber & Yurgelun-Todd, 2005). Additionally, in a Multi-Source Interference Task,
adults with histories of chronic cannabis smoking showed increased ACC recruitment during
interference trials relative to control trials compared to healthy control subjects (Gruber,
Dahlgren, Sagar, Gonenc, & Killgore, 2013). Furthermore, Filbey and Yezhuvath showed that
cannabis-dependent adults showed greater connectivity between right frontal cortex and the
substantia nigra/subthalamic nucleus network during successful inhibition on a Stop Signal task
compared to non-dependent cannabis using adults (2013). In a sample of adolescents, marijuana
users showed increased recruitment of executive attention regions during NoGo trials relative to
baseline in a Go-NoGo task (Susan F Tapert et al., 2008).
Dysfunction in executive attention neuro-circuitry may be related to increased amygdala
responsiveness to threat in patients with substance abuse. Executive attention neuro-circuitry
involves the dlPFC and parietal cortices and allows the priming of task-relevant representations at
the expense of irrelevant ones (Desimone & Duncan, 1995). This increased priming of taskrelevant stimuli inhibits the representation of emotional distractors and results in reduced
amygdala responses to these distractors (K.S. Blair et al., 2007). Executive attention can be
recruited explicitly within cognitive reappraisal emotion regulation paradigms (Ochsner & Gross,
2005) but also implicitly through emotion distraction paradigms (Erthal et al., 2005). Both
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executive attention and emotional responsiveness systems are implicated in exteroception, or
processing self-relevant external stimuli, and is thought to play a role in the development and
maintenance of substance abuse (DeWitt et al., 2015). If alcohol and/or cannabis abuse
compromise executive attention, then representation of external task-relevant stimuli should be
impaired, resulting in compromised emotion regulation and increased emotional responsiveness.
Alternatively, alcohol and/or cannabis abuse may compromise neural systems underlying
exteroception relatively independently, resulting in reduced representation of task-relevant stimuli
regardless of emotional stimuli and/or increased emotional responsiveness regardless of task
demands.
In the current study, we implemented an emotion distraction task, the Affective Stroop
task (aST; Blair et al, 2007) in adolescents showing varying levels of AUD and CUD
symptomatology. In the aST, participants are instructed to determine the quantity of numbers
displayed on the screen that are temporally bracketed by either emotional or neutral distracters.
Work with healthy adolescents (Hwang et al. 2014) and adults (Blair et al., 2007) reveals that task
performance is associated with decreased amygdala responsiveness to emotional distracters and
increased recruitment of regions mediating behavioral inhibition (ACC, dmPFC, aIC, and iFG)
and executive attention (dlPFC and parietal cortices) to task-relevant stimuli. The aST has been
extensively used in work with both adolescent and adult clinical populations (Karina S Blair et
al., 2012; K S Blair et al., 2013; Hwang et al., 2015, 2016a; White, Costanzo, Blair, & Roy,
2014a). Specifically, adults with GAD, SAD, and PTSD show compromised recruitment of ACC
and/or parietal cortices during task relative to view trials (Karina S Blair et al., 2012; K S Blair et
al., 2013) while adolescents with ADHD, show reduced dmPFC activity during incongruent trials
relative to typically developing (TD) adolescents (Hwang et al., 2015). Furthermore, in
adolescents with disruptive behavior disorders (DBDs), there is decreased recruitment of aIC in
incongruent relative to view trials and the degree to which this is compromised relates to
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impulsivity symptoms within this sample (Hwang et al., 2016a). In addition, adolescents with
DBDs and high levels of callous-unemotional traits showed reduced vmPFC and amygdala
responsiveness to negatively valenced stimuli (Hwang et al., 2016a). In short, the aST has been
successfully used to show dysfunction in emotion processing, behavioral inhibition, and
executive attention neuro-circuitries in adult and adolescent clinical populations.
We hypothesized that: (i) participants with high levels of AUD and CUD symptoms
would show increased recruitment of the region implicated in emotional responding to both
positively and negatively valenced stimuli (amygdala); and (ii) participants with at least high
levels of AUD symptomatology would show reduced recruitment of regions implicated in
behavioral inhibition (dmPFC/ACC and/or aIC/iFG) and/or executive (dlPFC and/or parietal
cortices) to task relative to view trials.

3.2 Materials and Methods
3.2.1 Participants
Study participants included 96 youths aged 14-18 years from both a residential treatment
facility and the community. 14 participants were excluded due to excessive movement (>10%
volumes censored at >1 mm motion across adjacent volumes) or low accuracy on the task (<60%
accuracy; average AUDIT of excluded participants=4.2, average CUDIT of excluded
participants=5.0). This resulted in a final sample of 82 youths (47 youths from the residential
treatment facility and 35 from the community); average age=16.1 (SD=1.32), IQ=100.6
(SD=10.13) and 51 male. Clinical characterization was done through psychiatric interviews by
licensed and board-certified psychiatrists with the participants and their parents. Youths with
significant substance abuse histories were residents of the residential treatment facility and were
abstinent for at least four weeks prior to scanning.
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49 youths endorsed having used, and 33 youths denied having used, alcohol and/or
cannabis on the Alcohol Use Disorder Identification Test (AUDIT) and the Cannabis Use
Disorder Identification Test (CUDIT), respectively (Adamson et al., 2010; Fairlie et al., 2006;
Saunders et al., 1993). The range of AUDIT scores and CUDIT scores was 0-22 (M=2.9;
SD=4.65) and 0-32 (M=7.0; SD=8.96), respectively. AUDIT scores, but not CUDIT scores, were
significantly related with age [AUDIT: r=0.26, p=0.02; CUDIT: r =0.19, ns] while neither
AUDIT nor CUDIT scores were significantly related to IQ [AUDIT: r=-0.118, ns; CUDIT: r=0.159, ns]. There were no differences in AUDIT or CUDIT scores between males and females
[AUDIT: t(80)=-0.76, ns; CUDIT: t(80)=1.09, ns].
Of the youths endorsing alcohol and/or cannabis use during their lifetimes, 14 youths
showed subclinical levels of alcohol and/or cannabis use while 35 met the clinical cutoffs on the
AUDIT and/or CUDIT suggestive of adolescent AUD (AUDIT score≥4) or CUD (CUDIT
score≥8), respectively (Adamson et al., 2010; Fairlie et al., 2006). 21 participants had an AUDIT
score≥4 and 29 participants had a CUDIT score≥8. In line with previous work indicating the high
comorbidity of AUD and CUD (Mason et al., 2013; Moss et al., 2014), 15 participants had both
an AUDIT score≥4 and CUDIT score≥8.
Exclusion criteria included pervasive developmental disorder, Tourette’s syndrome,
lifetime history of psychosis, neurological disorder, head trauma, and non-psychiatric medical
illnesses requiring medications that may have psychotropic effects (e.g. beta-blockers, steroids),
and IQ<75. The Institutional Review Board at Boys Town National Research Hospital approved
the study procedures and informed assent/consent was obtained from all participants and their
parents or legal guardians.
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3.2.2 Measures
3.2.2.1 Affective Stroop Task (aST)
An adapted version of the Affective Stroop task (K.S. Blair et al., 2007) was administered
during fMRI scanning (see Figure 1). The emotional stimuli consisted of 16 negative, 16 neutral,
and 16 positive pictures selected from the International Affective Picture System (IAPS; Lang et
al, 1988). The mean valence and arousal values on a 9-point scale, respectively, were 3.2
(SD=0.71) and 1.7 (SD=0.28) for negative images; 4.9 (SD=0.30) and 1.1 (SD=0.22) for neutral
images; and 7.4 (SD=0.47) and 1.61 (SD=0.31) for positive images. The individual cognitive task
stimuli consisted of displays of numbers and the cognitive task involved deciding how many
numbers were displayed in each display (see Figure 1 for example stimuli). Specifically, subjects
pressed button 3, 4, 5, or 6 to indicate whether there were 3, 4, 5, or 6 numbers in the display.
Each trial began with a fixation point presented in the middle of the screen. For the
number trials, the fixation point was replaced by the first picture stimuli presented for 400 ms,
followed by the numerical display presented for 400 ms, followed by the second picture display
presented for 400 ms, followed by a blank stimulus for 1300 (see Figure 1). On incongruent trials,
the Arabic numeral distracter information was inconsistent with the numerosity information (e.g.,
four 3s; Figure 5a). On congruent trials, the Arabic numeral distracter information was consistent
with the numerosity information; (e.g., three 3s; Figure 5b). For view trials, there was no
numerical display; the numerical display was replaced by a fixation point (see Figure 5c).
Participants completed two identical runs of the task. In each run, each subject was presented
with 16 trials of each of the 9 emotion-by-task conditions. This resulted in 288 total trials. In
addition, 40 fixation points (staying on the screen for the duration of a condition trial 2500 ms)
were randomly presented throughout each run in order to create a baseline. Thus, overall each
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subject was presented with 32 trials of each of the 9 emotion-by-task conditions resulting in 288
total trials.
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Figure 5. Diagram of aST for a trial with a negatively valenced stimulus. The (A) first
row indicates an incongruent trial, the (B) second row indicates a congruent trial, and the
(C) third row indicates a view trial.
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3.2.2.2 Substance Use Disorder Assessments
Youths completed the Alcohol Use Disorder Identification Test (AUDIT) and Cannabis
Use Disorder Identification Test (CUDIT). These scales assess overall alcohol/cannabis
consumption over the past year as well as symptoms of alcohol/cannabis abuse and dependence.
These scales show high validity, as elevated scores on these scales indicate a high probability of a
AUD and/or CUD diagnosis (Adamson et al., 2010; Fairlie et al., 2006; Saunders et al., 1993).
Smoking status was determined using the Monitoring the Future Survey (Miech et al., 2016). As
can be seen in Table 1, participants meeting clinical cut-offs on the AUDIT/CUDIT endorsed
regular past smoking while sub-clinical levels of AUDIT/CUDIT symptomatology were
associated with rare past usage. Most participants with no AUDIT/CUDIT symptomatology
endorsed no prior smoking history.

3.2.2.3 Psychiatric Symptomatology Assessments
In order to provide more details on psychiatric co-morbidities, levels of externalizing,
anxiety, and depressive symptomatology were assessed. The externalizing problems subscale of
the parent-report version of the Childhood Behavior Checklist (CBCL) was used to assess
externalizing behaviors (Achenbach & Rescorla, 2001). The self-report version of the Screen for
Child Anxiety and Related Disorders (SCARED) was used to assess levels of anxiety symptoms
(Birmaher et al., 1997). The self-report version of the Mood and Feelings Questionnaire (MFQ)
was used to assess levels of depressive symptoms (Angold et al., 1995).

3.2.3 MRI Parameters
Whole-brain blood oxygen level dependent (BOLD) data were acquired using a 3.0 Tesla
Siemens Skyra Magnetic Resonance Scanner. A total of 384 functional images were taken,
divided over two runs, with a T2* weighted gradient echo planar imaging (EPI) sequence
(repetition time=2500 ms; echo time=27 ms, 94x94 matrix; 90o flip angle; 240 mm field of view).
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Whole-brain coverage was obtained with 43 axial slices (thickness, 2.5 mm; voxel size
2.6x2.6x2.5 mm3). In the same session, a high-resolution T1 anatomical scan (MP-RAGE,
repetition time=2200 ms, echo time=2.48 ms; 230 mm field of view; 8o flip angle; 256x208
matrix) was acquired in register with the EPI dataset. Whole-brain coverage was obtained with
176 axial slices (thickness, 1mm; voxel size 0.9x0.9x1 mm3).

3.2.4 fMRI Analysis: Data Preprocessing and Individual Level Analysis
Functional MRI data were preprocessed and analyzed using Analysis of Functional
NeuroImages (AFNI) software (Cox, 1996). The first four volumes in each scan were discarded.
The anatomical scan for each participant was registered to the Talairach and Tournoux atlas
(Talairach & Tournoux, 1988) using the TT_N27 template and each participant’s functional EPI
data were registered to their Talairach anatomical scan in AFNI. Functional images were motion
corrected and spatially smoothed with a 6-mm full width half maximum Gaussian kernel. The
data then underwent time series normalization by dividing the signal intensity of a voxel at each
time-point by the mean signal intensity of that voxel for each run and multiplying by 100.
Therefore, the resultant regression coefficients are representative of a percentage of signal change
from the mean.
Afterward, regressors were generated by convolving the train of stimulus events with a
gamma variate hemodynamic response function to account for the slow hemodynamic response.
The ten regressors were: (i) positive images, incongruent numerosity; (ii) positive images,
congruent numerosity; (iii) positive images, view; (iv) neutral images, incongruent numerosity;
(v) neutral images, congruent numerosity; (vi) neutral images, view; (vii) negative images,
incongruent numerosity; (viii) negative images, congruent numerosity; (ix) negative images,
view; (x) missed/incorrect responses. GLM fitting was performed with these ten regressors, six
regressors modeling motion, and a regressor modeling a first-order baseline drift function. This
produced a β coefficient and an associated t-statistic for each voxel and regressor.
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3.2.5 fMRI Analysis: Group Analysis
To reduce skewness and kurtosis, a Blom Transformation was applied to the participants’
AUDIT and CUDIT scores. This is a normalization procedure which rank orders, and then
standardizes values within a dataset (Blom, 1958). The pre-transformation skewness values for
AUDIT and CUDIT scores were 2.4 and 1.1, respectively. Post-transformation, the skewness
values were 0.8 and 0.7, respectively. The pre-transformation kurtosis values for AUDIT and
CUDIT scores were 6.4 and 0.3, respectively. Post-transformation, the kurtosis values were -0.4
and -0.6, respectively. The Blom-Transformed standardized AUDIT and CUDIT scores were
used for all analyses. For the group-level analyses, a 3 (Emotion: Positive, Neutral, Negative) x 3
(Task Condition: Incongruent, Congruent, View) repeated measures ANCOVA with AUDIT and
CUDIT scores as continuous covariates was performed on the BOLD data within a grey matter
mask created in AFNI. Follow-up testing was performed within SPSS 22.0 and freely available
online tools (Lee & Preacher, 2013). For significant AUDIT-by-emotion interactions, Steiger Ztests were used to compare the partial correlations between AUDIT scores and BOLD responses
(controlling for CUDIT scores and AUDIT-by-CUDIT interactions) in the positive trials, neutral
trials, and negative trials (Steiger, 1980). A similar procedure was used for any significant
CUDIT-by-emotion, AUDIT-by-task condition, and CUDIT-by-task condition interactions. For
four-way interactions, a bootstrapping procedure using the PROCESS macro for SPSS (Preacher
& Hayes, 2004) was used to examine how CUD symptomatology moderated the effect of AUD
symptomatology on BOLD response within each of the 9 emotion-by-task condition trial types.
For these follow-up tests, the AUDIT-by-CUDIT interaction term was considered significant at a
threshold of p=.05, Bonferroni corrected. For each trial type that was identified as significant, the
Johnson-Neyman technique was used to investigate heterogeneity of the relationship between
AUDIT scores and BOLD responses at different levels of CUDIT scores (Kowalski,
Schneiderman, & Willis, 1994). The Johnson-Neyman technique identifies specific regions of
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interest within the distribution of CUDIT scores where the relationship between AUDIT scores
and BOLD responses was significant. The Johnson-Neyman technique was used to probe these
interactions because it provides information regarding the nature of the relationship between
AUDIT scores and BOLD responses across the entire distribution of CUDIT scores (Kowalski et
al., 1994). To facilitate future meta-analytic work, effect sizes (Partial η2) for all clusters are
reported.
The AFNI 3dClustSim program, using the autocorrelation function (-acf), was used to
establish a family-wise error correction for multiple comparisons for the amygdala ROI and
whole-brain analysis (Cox et al., 2017a). Spatial autocorrelation was estimated from residuals
from the individual-level GLMs. Given our a priori hypotheses regarding the amygdala, regions
of interest (ROIs) for left and right amygdala were specified as anatomically defined masks
(Eickhoff-Zilles Architectonic Atlas 50% probability mask; Amunts et al, 2005). This yielded a
threshold of 5 voxels at an initial threshold of p=.02 for the amygdala ROI. The whole-brain
analysis yielded a threshold of 19 voxels at an initial threshold of p=.001. Post-hoc analyses were
conducted on the percent signal change taken from all significant voxels within each ROI and
whole-brain functional masks generated by AFNI to examine significant main effects and
interactions with planned follow-up testing within SPSS 22.0 (IBM SPSS Statistics For MacOSX,
2012).

3.3 Results
3.3.1 Clinical Relationships
Correlation analyses were conducted to determine the relationships between AUD, CUD
and psychiatric symptom levels dimensionally. These revealed positive correlations between
AUDIT and CUDIT scores [r=.63, p<.001] and AUDIT scores and levels of externalizing
problems (CBCL externalizing T-score), anxiety (SCARED total score) and depressive symptoms
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(MFQ) [r's=.27-.33, p's<.05]. CUDIT scores were positively correlated with level of externalizing
problems [r=.39, p=.001], and with level of anxiety symptoms and level of depressive symptoms
at trend levels [r's=.19-.192, p's<.10]. Additionally, both AUDIT scores and CUDIT scores were
positively related to level of smoking [r’s=.65 and .70, respectively; p’s<.001]. Importantly, there
were no differential correlations between AUDIT and CUDIT scores and levels of externalizing
problems, anxiety symptoms, or depressive symptoms [Steiger's Z's=.70-1.18, ns]. There were
also no differential correlations between AUDIT and CUDIT scores and level of smoking
[Steiger Z=.71, ns]. Ten participants had missing data for the CBCL, six had missing data for the
SCARED, and two each had missing MFQ and smoking data. There were no differences in
AUDIT scores or CUDIT scores between participants who were missing data on the CBCL,
SCARED, MFQ, and/or smoking data and those who were not missing these data [t’s<1.36, ns].
See Tables 5 and 6 for more details.
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Table 5. Clinical and Demographic Characteristics
No SU (n=33)
Subclinical SU (n=14)

AUDIT ≥ 4 (n=21)a

CUDIT ≥ 8 (n=29)a

Age
15.6 (1.37)
16.6 (1.34)
16.5 (1.17)
16.2 (1.20)
IQ
100.8 (9.36)
103.4 (10.83)
99.7 (11.67)
98.6 (11.39)
% Male
63.6%
35.7%
57.1%
75.9%
ADHD
36.3%
28.6%
61.9%
68.9%
CD
24.2%
50.0%
66.7%
75.9%
PTSD
18.1%
7.1%
28.6%
17.2%
SAD
15.1%
14.3%
38.1%
27.6%
GAD
15.1%
7.1%
52.4%
44.8%
MDD
18.2%
28.6%
38.1%
24.1%
CBCL ADHD Raw
3.5 (3.81)
4.6 (4.31)
6.1 (3.56)
6.6 (2.81)
Score
CBCL CD Raw Score
5.9 (8.69)
8.9 (8.25)
12.3 (7.69)
12.3 (6.47)
CBCL Externalizing T52.8 (16.93)
59.9 (17.58)
68.1 (12.89)
69.1 (8.27)
score
SCARED Social
4.8 (3.36)
4.3 (3.43)
6.1 (4.71)
5.5 (4.16)
Anxiety Score
SCARED Generalized
5.3 (4.31)
5.0 (3.44)
9.0 (5.65)
7.3 (5.27)
Anxiety Score
SCARED Total Score
18.3 (13.98)
14.3 (8.71)
28.2 (20.19)
21.9 (15.99)
MFQ
9.3 (11.90)
10.1 (9.69)
19.1 (17.33)
13.1 (12.12)
AUDIT
0 (0)
1.4 (1.15)
9.1 (5.36)
5.6 (5.43)
CUDIT
0 (0)
3.1 (2.81)
13.9 (8.89)
17.7 (6.43)
Smoking
0.2 (0.65)
1.4 (1.15)
2.8 (1.33)
2.7 (1.40)
a
15 participants had an AUDIT score≥4 and a CUDIT score≥8
Note: ADHD = Attention Deficit/Hyperactivity Disorder; CD = Conduct Disorder; PTSD = Post Traumatic Stress Disorder; SAD =
Social Anxiety Disorder; GAD = Generalized Anxiety Disorder; MDD = Major Depressive Disorder; Diagnoses may overlap.
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Table 6. Zero-Order Correlations Across Demographic and Clinical Variables
1
2
3
4
5
6
7
1. Age
2. IQ
0.19
3. Gendera
0.07
0.04
4. AUDIT
0.26†
-0.12
-0.09
5. CUDIT
0.19
-0.16
0.12
0.63*
6. Smoking
0.21
-0.05
0.10
0.70* 0.65*
7. CBCL- ADHD
-0.08
-0.21
0.20
0.19
0.31* 0.37*
8. CBCL- Conduct
-0.11
-0.24†
0.18
0.26†
0.30†
0.38* 0.77*
9. CBCL-0.11
-0.32*
0.21
0.33* 0.39* 0.43* 0.83*
Externalizing
10. SCARED- SAD
0.14
0.15
-0.23†
0.16
0.15
0.09
0.02
11. SCARED- GAD
0.09
-0.2
-0.34* 0.32* 0.23†
0.17
0.06
12. SCARED- Total
0.02
-0.03
-0.32* 0.27†
0.19
0.11
0.13
13. MFQ- Total
-0.11
-0.12
-0.31* 0.31* 0.19
0.06
0.16
a- Gender coded as Female=0, Male=1, †significant at p<0.05, *significant at p<0.01

8

9

10

11

12

-0.12
0.06
0.10
0.25†

0.63*
0.77*
0.44*

0.89*
0.60*

0.70*

0.92*
-0.16
0.00
0.02
0.22
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3.3.2 Behavioral Results
Two 3 (Emotion: Positive, Neutral, Negative) x 2 (Task Condition: Incongruent,
Congruent) repeated measures ANCOVAs using the normalized Blom-Transformed AUDIT and
CUDIT scores as continuous covariates were conducted on the aST accuracy and reaction time
(RT) data. Accuracy on the aST ranged from 60% to 99%. There was a main effect of task
condition, [F(1,78)=33.49, p<0.001]; participants were less accurate on incongruent trials
[M=81.33%, SD=14.61%] relative to congruent trials [M=86.93%, SD=10.04%]. The emotion
main effect, covariate-by-emotion interaction effects, and covariate-by-task condition interaction
effects were not significant.
With respect to RT, there was again a main effect of task condition [F(1,78)=167.33,
p<0.001]; participants responded slower on incongruent trials [M=854.96, SD=200.89] than
congruent trials [M=787.52, SD=207.56]. The emotion main effect, covariate-by-emotion
interaction effects, and covariate-by-task condition interaction effects were not significant.

3.3.3 Movement Data
Fourteen participants were excluded due to excessive motion or low accuracy on the task.
Within the final sample (N=82), volumes were censored if there was >1 mm motion across
adjacent volumes. No participant in the final sample for the current study had >5% censored
volumes. There were no relationships between either AUDIT scores or CUDIT scores and
censored volumes, average motion per volume, or maximum displacement during scanning
within the final sample [r's=-0.10-0.20, ns].

3.3.4 fMRI Results
The goal of the current study was to examine whether level of adolescent AUD and CUD
symptomatology was related to dysfunction in brain regions associated with emotional
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responding and executive attention. We ran a 3 (Emotion: Positive, Neutral, Negative) by 3 (Task
Condition: Incongruent, Congruent, View) repeated measures ANCOVA with the BlomTransformed standardized AUDIT and CUDIT scores as continuous covariates on the BOLD
response data. This revealed regions showing AUDIT-by-emotion, AUDIT-by-task condition,
CUDIT-by-task condition and AUDIT-by-CUDIT-by-emotion-by-task condition interactions.
Regions showing main effects of emotion and task and emotion-by-task interaction are reported
in Appendix C. No regions showed significant AUDIT main effects, CUDIT main effects, or
AUDIT-by-CUDIT interactions. No regions showed significant CUDIT-by-emotion, AUDIT-byCUDIT-by-emotion, AUDIT-by-CUDIT-by-task condition, AUDIT-by-emotion-by-task
condition, or CUDIT-by-emotion-by task condition interactions:

3.3.4.1 Amygdala ROI:
3.3.4.1.1 AUDIT-by-Emotion Interaction
There was a significant AUDIT-by-emotion interaction within the right amygdala (Figure
6). With increasing AUDIT scores, there were increasing BOLD responses for positive relative to
both neutral and negative stimuli [Steiger's Z’s=3.37 & 2.30, p<0.001 & p<0.05 respectively].
The ROI analysis revealed no significant CUDIT-by-emotion interactions. The AUDIT-byCUDIT-by-Emotion interaction within this cluster was not significant, indicating that the
relationship between AUDIT scores and BOLD responses was consistent across all CUDIT
scores.

3.3.4.1.2 AUDIT-by-CUDIT-by-Emotion-by-Task Condition Interaction
There was a four-way interaction in the left amygdala ROI (Figure 6). Utilizing a
bootstrapping procedure for the moderation analysis, it was found that there was a significant
AUDIT-by-CUDIT interaction effect in negative view trials. Using the Johnson-Neyman

56

technique, it was found that there was a negative relationship between AUDIT scores and
activation on negative view trials at relatively low CUD symptomatology (CUDIT=0). However,
there was a positive relationship between AUDIT scores and activation on negative view trials at
relatively high CUD symptomatology (CUDIT>21).
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Figure 6. AUDIT-by-emotion interaction within the (A) Amygdala ROI (x=29 mm, y=-7 mm,
z=-7 mm). Participants with higher AUDIT scores showed increased responses to emotional
relative to neutral stimuli (k=5 voxels). Values in the bar graph represent the correlation
coefficients between AUDIT scores and BOLD responses for each emotion; * indicates
significant differences between partial correlation values (Steiger's Z>1.96, p<0.05). (B) AUDITby-CUDIT interaction effect within the negative view trials (k=9 voxels). Values in the bar graph
represent the beta weights for the effect of AUDIT score on BOLD response within the range of
CUDIT scores indicated. * indicates regions of interest significant at p<.05 identified via the
Johnson-Neyman technique.
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3.3.4.2 Whole-brain analysis
3.3.4.2.1 AUDIT-by-Task Condition Interaction
There were significant AUDIT-by-task condition interactions within regions including
dlPFC, iFG, middle frontal gyrus (MFG), ACC, dmPFC, precuneus, and posterior cingulate
cortex (PCC; Figure 7, Table 7). In all but one region of dlPFC, BOLD responses were greater to
task relative to view trials. Additionally, within ACC and dmPFC, BOLD responses were also
greater to incongruent relative to congruent trials. Within all of these regions, increased AUDIT
scores were associated with decreased activation for incongruent relative to congruent [Steiger's
Z's=-2.08--3.26, p's<0.05; except MFG: Steiger’s Z=-1.49, ns] and view trials [Steiger's Z's=3.19--5.43, p's<0.002] and also congruent relative to view trials [Steiger's Z's=-2.46--4.26,
p's<0.02]. As can be seen in Figure 7, these data reflected decreasing responses during
incongruent trials as a function of increasing levels of AUD symptomatology. None of these
clusters revealed a significant AUDIT-by-CUDIT-by-Task Condition interaction, indicating that
the relationship between AUDIT scores and BOLD responses were consistent across the entire
distrubition of CUDIT scores.

3.3.4.2.2 CUDIT-by-Task Condition Interaction
There were significant CUDIT-by-task condition interactions within regions including
PCC, precuneus, and inferior parietal lobule (iPL; Figure 7, Table 7). Within all of these regions,
BOLD responses were greater to task relative to view trials. In these regions, as CUDIT scores
increased, there was increased activation for incongruent relative to congruent [Steiger's
Z's=2.84-3.98, p's<0.005] and view trials [Steiger's Z's=3.25-4.54, p's<0.001]. As can be seen in
Figure 3, these data reflected both increasing responses during incongruent trials and decreasing
responses during view trials as a function of increasing levels of CUD symptomatology. None of
these clusters revealed a significant AUDIT-by-CUDIT-by-Task Condition interaction, indicating
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that the relationship between AUDIT scores and BOLD responses were consistent across the
entire distribution of CUDIT scores.

3.3.4.2.3 AUDIT-by-CUDIT-by-Emotion-by-Task Condition Interaction
There was a significant four-way interaction effect in the left iFG (Table 7). Notably, a
bootstrapping procedure for the moderation analysis revealed a significant AUDIT-by-CUDIT
interaction effect for negative view trials; AUDIT scores were negatively associated with
activation at lower CUD symptom levels (CUDIT<4) but positively associated at high CUD
symptom levels (CUDIT>27).

3.3.5 Potential Confounds
Since age was related to AUDIT scores, the same analysis was repeated with age as a
covariate (Table D1). In addition, calculation of Mahalanobis Distance for each participant
revealed four multivariate outliers within the dataset. Therefore, the same analysis was repeated
with these participants removed from the dataset (Table D2). Since there is evidence that males
and females may be differentially affected by alcohol and cannabis (Caldwell et al., 2005;
Ketcherside, Baine, & Filbey, 2016b; Peters, Jolles, Duijvenvoorde, Crone, & Peper, 2015b), the
same analysis was repeated with gender was entered as a covariate (Table D3). To rule out the
possibility that smoking may have influenced our results, the same analysis was repeated with
participants who endorsed current smoking excluded (Table D4). To rule out the possibility that
over-representation of 0 for AUDIT and CUDIT scores biased our results, we re-ran the analysis
in only individuals who reported alcohol and/or cannabis use (Table D5). All of these analyses
yielded similar results (see Appendix D; Tables D1-D5).
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Figure 7. AUDIT-by-task condition interactions within the (A) dlPFC (x=26 mm, y=35 mm,
z=44 mm); (B) ACC/dmPFC (x=2 mm, y=11 mm, z=44 mm); and (C) PCC/Precuneus (x=11
mm, y=-67 mm, z=29 mm). Participants with higher AUDIT scores showed decreased responses
in these brain regions during incongruent trials relative to congruent and view trials. Values in the
bar graphs represent the correlation coefficients between AUDIT scores and BOLD response for
each task condition within each cluster. CUDIT Score-by-task condition interactions within the
(D) PCC (x=8 mm, y=-52 mm, z=26 mm). Participants with higher CUDIT scores showed
increased responses in these brain regions during incongruent trials relative to congruent and
view. Values in the bar graphs represent the correlation coefficients between CUDIT scores and
BOLD responses for each task condition within each cluster. * indicates significant differences
between partial correlation values (Steiger's Z>1.96, p<0.05).
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Table 7. Brain regions demonstrating significant AUDIT-by-task condition, CUDIT-by-task condition, and significant
AUDIT-by-CUDIT-by-emotion-by-task condition interactions.
Coordinates of Peak Activationb
Regiona
Hemisphere
BA
x
y
z
F
Partial η2
Voxels
AUDIT-by-Task Condition
dlPFC
R
8
29
35
44
18.21
0.189
109
dlPFC
L
10
-34
47
20
12.65
0.140
23
dlPFC/iFG
R
9
53
5
29
11.05
0.124
21
MFG
R
6
20
20
56
13.14
0.144
28
ACC/dmPFC
R/L
6/32
2
11
44
15.30
0.164
72
Precuneus/PCC
R/L
7/31
11
-67
29
23.49
0.231
1500
PCC
R
31
5
-31
47
10.99
0.123
28
iPL
R
40
35
-49
41
15.40
0.165
36
iPL
R
13/40
50
-43
23
14.02
0.152
26
iPL
R
40
50
-37
35
15.55
0.166
21
Postcentral Gyrus
R
41
53
-19
14
11.57
0.129
25
Middle Temporal Gyrus
R
19
44
-61
11
17.10
0.180
77
Parahippocampal Gyrus
L
27
-25
-34
-1
18.13
0.189
23
CUDIT-by-Task Condition
PCC
R
31
11
-52
26
14.01
0.152
83
Precuneus
R
7/31
14
-70
29
12.00
0.133
29
Precuneus
L
31
-16
-67
26
12.31
0.136
26
iPL
R
39
35
-58
38
12.48
0.138
26
Middle Temporal Gyrus
R
19
44
-61
11
12.39
0.137
23
Middle Temporal Gyrus
R
39
50
-67
26
10.87
0.122
21
Culmen
L
-7
-61
-7
13.48
0.147
36
Cerebellum
L
-31
-67
-34
13.22
0.145
21
Cerebellum
L
-7
-82
-28
15.16
0.163
19
AUDIT-by-CUDIT-by-Emotion-by-Task Condition
iFG
L
9
-40
5
29
7.25
0.085
31
a
b
Note: According to the Talairach Daemon Atlas (http://www.nitrc.org/projects/tal-daemon/), Based on
the Tournoux & Talairach standard brain template, BA= Brodmann’s Area
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3.4 Discussion
This study examined the relationships between AUD and CUD severity and dysfunction
in emotional and executive attention neuro-circuitry in adolescents. There were three main
findings. First, increasing AUD, but not CUD, severity was associated with increasing amygdala
responses to emotional relative to neutral stimuli. Second, increasing AUD severity was
associated with decreasing levels of recruitment of regions implicated in executive attention for
task relative to view trials. Third, increasing CUD severity was associated with increasing BOLD
responses within PCC, precuneus, and iPL during task relative to view trials.
In line with our predictions, increasing severity of AUD symptomatology was associated
with increasing amygdala responsiveness to emotional relative to neutral stimuli. This was seen
for increasing AUD severity when responding to negative view trials if CUD symptomatology
was high and for positive trials irrespective of task condition or level of CUD symptomatology.
Previous work has suggested that chronic alcohol use leads to an increased stress response and
hyper-responsiveness of the amygdala to threat stimuli (Koob & Volkow, 2016; Volkow, Koob,
& McLellan, 2016). Thus, previous fMRI work has revealed that adults with alcohol dependence
show increased amygdala responses to threat (Gilman & Hommer, 2008) and that increased
amygdala threat responsiveness is a risk factor for the development of alcohol abuse in college
students – at least for those showing reward hyporesponsiveness (Nikolova et al., 2016).
However, no previous work has investigated amygdala responsiveness to threat or (non-alcohol
cue) positive stimuli in adolescents with alcohol abuse histories. The current data complements
the earlier work by indicating threat hyper-responsiveness in adolescents as a function of AUD
severity (at least for those with relatively high levels of CUD) and extends this earlier work by
indicating elevated responsiveness to positive stimuli as a function of AUD severity also. The
AUDIT-by-Emotion amygdala interaction is right lateralized. Lateralized amygdala findings are
not uncommon in the literature though their interpretation remains speculative. A meta-analytic
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review of the data found evidence of a relative left amygdala lateralization for stimuli containing
language and a relative right-lateralization for masked stimuli (Costafreda, Brammer, David, &
Fu, 2008). This prompted the suggestion that the right amygdala might play a greater role in
initial stimulus detection (Costafreda et al., 2008). On this basis, it could be suggested that
adolescents with high levels of AUD symptoms are particularly responsive to the initial detection
of emotional stimuli. However, this speculation goes considerably beyond the data.
It should be noted that severity of CUD symptomatology was not related to amygdala
responsiveness to emotional stimuli. If this result replicates, models assuming that substance
abuse generally leads to increased amygdala responsiveness (Koob & Volkow, 2016; Volkow,
Koob, et al., 2016) may need adjustment for adolescent substance use. The current data imply that
correlates of AUD symptomatology differ from those of CUD symptomatology in adolescents
and that it is only alcohol abuse that leads to exaggerated amygdala responsiveness. The current
findings are inconsistent with those of Spechler et al (2015) who reported that adolescents with
cannabis use histories show increased amygdala sensitivity to angry faces (Spechler et al., 2015).
However, the Spechler et al. study involved adolescents who mostly reported very low levels of
cannabis use (49/70 cannabis users endorsed only using marijuana once or twice in their lives).
Moreover, the current study differed from that of Spechler et al with respect to psychiatric comorbidity. It could be argued that the psychiatric co-morbidity camouflaged any relationship
between CUD symptomatology and amygdala responsiveness. However, it should be noted that
this was not the case with respect to AUD symptomatology and amygdala responsiveness (yet
psychiatric co-morbidity was comparably related to AUDIT scores as CUDIT scores).
In line with predictions, increasing severity of AUD symptomatology was associated with
reduced recruitment of ACC/dmPFC and iFG for incongruent relative to both congruent and view
trials. Both ACC/dmPFC and iFG have been implicated in behavioral inhibition (Criaud &
Boulinguez, 2013). Moreover, animal work has suggested that adolescent alcohol use is related to
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disrupted prefrontal cortex development and deficits in response inhibition during adulthood
(Gass et al., 2014; Irimia et al., 2015; Spear, 2016) while human neuro-psychological work has
revealed impairment on measures of behavioral inhibition in adults with AUD (Czapla et al.,
2016). The current data suggest that increasing levels of alcohol abuse are associated, even in
adolescence, with compromised recruitments of regions implicated in behavioral inhibition (even
though increasing AUDIT scores were not related to behavioral performance on the current task).
Additionally, the ACC/dmPFC contains dense projections to and from brain regions
involved in executive attention, such as dlPFC and iPL (Desimone & Duncan, 1995). The current
study showed that increasing AUD symptomatology was associated with decreasing recruitment
of dlPFC and iPL for incongruent relative to congruent and congruent relative to view trials. This
is consistent with prior work showing reduced activity in these brain regions in adults (Ahmadi et
al., 2013; Claus et al., 2013; Li et al., 2009) and youths (Thayer et al., 2015) with alcohol use
histories. Notably, though, within the context of the aST, activity in these brain regions is thought
to reflect a putative role in priming task-relevant stimuli and consequent decreased representation
of and responsiveness to emotional stimuli; i.e., emotional regulation (K.S. Blair et al., 2007). In
short, the findings of a negative relationship between response inhibition and executive attention
neuro-circuitries and AUD symptoms, when combined with the positive relationship between
amygdala responsiveness to emotional stimuli and AUD symptoms, might at least partly reflect
the compromised functioning of this form of emotional regulation. It should be noted, however,
that there was no evidence of any AUDIT-by-Emotion-by-Task Condition interactions; i.e., there
were no indications of a failure to reduce emotional responsiveness as a function of AUD severity
during negative task trials. Instead, AUD severity was associated with increased responsiveness
across emotion conditions and might be particularly increased in negative view trials within IFG.
As such, we assume that AUD severity is associated with increased emotional responsiveness that
is independent of any failure in executive attention mediated emotional regulation.
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Our third main finding was that increasing CUDIT scores were related to increasing
activity within PCC, precuneus, and iPL during task relative to view trials. There have been
suggestions that substance abuse, particularly cannabis abuse, may lead to increased prefrontal
inefficiency; i.e., substance abuse may lead to compromised functioning of specific regions such
that these regions need to be activated more strongly in order to produce successful task
performance (Gruber et al., 2013; Luijten et al., 2014; Susan F Tapert et al., 2008). There have
also been suggestions that patients with other psychiatric conditions also show indications of
prefrontal inefficiency (Mitterschiffthaler et al., 2008; Wagner et al., 2006). In the current study,
we saw clear indications of disruption in the functioning of frontal cortex particularly as a result
of severity of AUD. However, increasing severity of AUD was associated with decreasing
responsiveness within regions including dlPFC, iFG, middle frontal gyrus (MFG), ACC and
dmPFC; i.e., increasing AUD severity was associated with a decreased ability to recruit these
regions rather than revealing increasing, compensatory activity. In contrast, increasing CUD
symptom severity was associated with increasing responsiveness within PCC, precuneus, and
inferior parietal lobule in response to task trials; all regions implicated in responding to task trials.
As such, these data might indicate a form of posterior attentional system inefficiency relating to
CUD severity. Increasing CUD severity may have required participants to show stronger
activation of these regions for successful task performance. While a compensatory account might
explain the data of the current study, it is unclear why higher levels of CUD symptomatology
would be associated with compensation while higher levels of AUD symptomatology would be
associated with disrupted functioning (particularly when neither level of symptomatology related
to behavioral performance). Alternatively, increased activity in the PCC and precuneus could
reflect a failure of the default mode network to fully deactivate during task trials. This might
reflect differences in concentration as a function of substance use and task difficulty (anonymous
reviewer’s suggestion). However, only these regions within the default mode network showed
this effect. Even at more lenient thresholds (initial p=.005, k=10 voxels), no significant clusters
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emerged within other regions implicated in the default mode network. It is unclear why
differences in concentration would have selective effects within the default mode network.
The results of this study must be viewed in light of five caveats. First, we did not conduct
urine or Breathalyzer testing for substance use at the time of scanning. However, youths with
significant substance abuse histories were residents of a highly supervised residential treatment
facility and had been abstinent for at least four weeks prior to scanning, mitigating this concern.
Another significant caveat is that this study was cross-sectional in nature. As such, it is not
possible to be certain whether the observed relationships between levels of AUD and CUD
symptomatology and brain function reflected impact of substance abuse on the developing brain
or pre-existing risk factors for the emergence of symptomatology. Animal and longitudinal
neuroimaging work has shown that alcohol and cannabis use alter neurodevelopment (Spear,
2016; Squeglia et al., 2015). However, dysfunction in behavioral inhibition/top-down attention
systems is also predictive of later problematic substance use (Norman et al., 2011). One reason to
believe that the current results are more reflective of the impact of AUD/CUD on the developing
brain is that there were differential relationships between AUD and CUD symptomatology on
brain function. It is not clear that there are pre-existing neural risk factors that place the individual
at risk specifically for AUD rather than CUD. However, future longitudinal work would need to
confirm this suggestion. Third, the sample investigated here reflected clinical reality; i.e., there
was a high degree of psychiatric co-morbidity in the participants that was particularly marked in
those participants scoring high on the AUDIT/CUDIT. As such, the findings presented here might
reflect psychopathology related to the co-morbid conditions rather than AUD/CUD
symptomatology. It would be possible to test participants without co-morbid pathology. However,
this would mean investigating a clinically atypical sample. Moreover, increasing substance abuse
is hypothesized to compromise functions associated with the emergence of many of these
psychiatric conditions (Koob & Volkow, 2016; Volkow, Koob, et al., 2016). Critically though,
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and mitigating this concern, there were no significant differences between the relationships of
externalizing, anxiety, or depressive psychopathologies and AUD relative to CUD severity. As
such, it is unclear how psychiatric comorbidities could account for the current data. Fifth, other
indices of substance involvement were not available (e.g., age of first use, cumulative exposure).
Interestingly, using a Stop-Signal task, Filbey and Yezhuvath found that dependent, relative to
non-dependent, marijuana using adults showed increased connectivity between right frontal
cortex and substantia nigra/subthalamic nucleus and that the strength of this increased
connectivity was modulated by both age of onset and quanitity of cannabis use (2013). In short, it
is likely that these latter variables may modulate the strength of the findings here.
In summary, we found differential patterns of dysfunction associated with AUD and
CUD symptomatologies. Elevated AUD symptomatology was associated with increased
amygdala responses to positive relative to neutral stimuli and decreased responses in brain
regions associated with behavioral inhibition and executive attention during incongruent relative
to congruent trials. In contrast, elevated CUD symptomatology was associated with increased
responses in the PCC, precuneus, and iPL for incongruent relative to congruent and view trials.
These data suggest that correlates of AUD symptomatology differ from those of CUD
symptomatology.
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Chapter 4. Alcohol Use Disorder and Cannabis Use Disorder symptomatology in
adolescents are differentially related to dysfunction in neuro-circuitries underlying
optimistic bias
4.1 Introduction
Alcohol use disorder (AUD) and cannabis use disorder (CUD) have lifetime prevalence
rates of 29% and 6%, respectively (B. F. Grant, Goldstein, et al., 2015; Hasin et al., 2016),
making them two of the most common substance use disorders (SUDs) in the US.
Epidemiological evidence indicates that alcohol use and/or cannabis use is associated with an
increased risk for developing these SUDs in adulthood (Winters & Lee, 2008). Furthermore,
individuals with AUD and/or CUD who initiated use of these substances during adolescence face
a more severe disease course and a greater likelihood of relapse (Babor et al., 1992). This may be
due in part the deleterious neurodevelopmental effects of alcohol and cannabis on the adolescent
brain (F. M. Filbey et al., 2015; Squeglia et al., 2015).
Optimistic Bias (OB) is a cognitive bias in which individuals believe that positive events
are more likely to happen and negative events are less likely to happen to themselves compared to
others (Weinstein, 1980). It has been suggested that OB influences decision-making by orienting
attention to reward-related stimuli (Bortolotti & Antrobus, 2015; Kress & Aue, 2017). OB is
reduced in patients with depression (Korn, Sharot, Walter, Heekeren, & Dolan, 2014; Strunk,
Lopez, & DeRubeis, 2006) while maintenance of OB is associated with a decreased risk of
developing depression in adolescent populations (Patton et al., 2011).
Adolescents with AUD and/or CUD show increased depressive symptoms relative to
typically developing (TD) adolescents (Mason et al., 2013) and are at an increased risk for
developing major depressive disorder in adulthood (J. D. Grant et al., 2006). It is possible that
the development of depressive symptom in adolescents with AUD and/or CUD partly reflects
reduced OB as a function of substance abuse. However, very little work has investigated this
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issue. One study reported that adults with SUDs showed reduced optimism compared to
undergraduate controls (Alterman, Cacciola, Dugosh, Ivey, & Coviello, 2010) though another did
not (Fischer et al., 2015). Higher levels of optimism in adolescents have been associated with
overall reduced substance use (eg, combined alcohol, marijuana, and tobacco use; Patton et al.
2011), including binge drinking (Wray, Dvorak, Hsia, Arens, & Schweinle, 2013). But the issue
is complicated as unrealistic optimism regarding the consequences of drinking has been
associated with increased alcohol consumption (Dillard, Midboe, & Klein, 2009; Masiero, Riva,
Oliveri, Fioretti, & Pravettoni, 2016).
Prior work on the neuro-circuitry underlying OB has revealed distinct systems which
encode valence and intensity of potential future events, as well as brain regions involved in the
neuro-computational elements of OB (K. S. Blair et al., 2017; Karina S. Blair et al., 2013; Sharot,
Guitart-Masip, Korn, Chowdhury, & Dolan, 2012; Sharot, Korn, & Dolan, 2011; Sharot,
Riccardi, Raio, & Phelps, 2007). First, ventromedial prefrontal cortex (vmPFC), posterior
cingulate cortex (PCC) and possibly the amygdala show greater activation for positive relative to
negatively valenced future events, suggesting a role for subjective value representation when
judging future events (Karina S. Blair et al., 2013; Sharot et al., 2007). Notably, vmPFC activity
to positive relative to negative future events is positively associated with trait optimism (Sharot et
al. (2007)) and negatively associated with its inverse (Strunk et al., 2006), depressive symptoms
(Blair et al. (2013). Second, activity within inferior frontal gyrus, superior parietal gyrus and
precuneus are modulated by the intensity of the impact to the self of potential future events
(Karina S. Blair et al., 2013). When estimating the likelihood of future events, participants show
greater responses to high-impact future events (e.g., breaking an arm) than low-impact future
events (e.g., being scratched by a cat) (Karina S. Blair et al., 2013). This likely reflects an
attentional response when considering the probability that future high level impact events might
happen to the self. Third, the rostral anterior cingulate cortex (rACC) and a proximal region of
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rmPFC show increased responses the more OB a participant shows for positive events (i.e., the
more that they believe a positive event will happen to the self rather than others) and/or during
positive belief updating (i.e., when participants are informed that a desirable event is more likely
to happen to them than previously estimated) (Karina S. Blair et al., 2013; Sharot et al., 2011).
Notably, patients with AUD and/or CUD show dysfunction in several of the same brain
regions implicated in OB neuro-circuitry. For example, individuals with AUD histories have
been reported to show reduced vmPFC/ACC responses to monetary reward relative to controls
(Beck et al., 2009; De Greck et al., 2009) and reduced precuneus responses to monetary loss
avoidance relative to controls (Beck et al., 2009). Similarly, adults with heavy cannabis use
histories showed reduced responses in vmPFC, PCC/precuneus, and superior parietal gyrus when
responding to reinforcement during a decision-making paradigm (Wesley et al., 2011) and
reduced vmPFC/ACC activity compared to controls when evaluating emotionally salient images
(Wesley, Lile, Hanlon, & Porrino, 2016). In short, neural systems implicated in OB have been
shown to be dysfunction in patients with AUD/CUD and thus may be associated with OB
dysfunction in these patients.
In the current study, we used the optimistic bias (OB) task (K. S. Blair et al., 2017;
Karina S. Blair et al., 2013) in adolescents with varying levels of AUD and/or CUD
symptomatology. In this task, participants rate how likely they believe future events are to
happen to them relative to other youths of the same age and gender. Events are either positively
or negatively valenced and either high or low intensity. Our goal was to examine OB-related
processing as a function of severity of AUD and/or CUD. We hypothesized that (i) individuals
with high levels of AUD and/or CUD symptoms would show reduced vmPFC and/or PCC
responsiveness to positive relative to negative future events; and (ii) individuals with high levels
of AUD would show reduced rACC modulation by OB.
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4.2 Materials and Methods
4.2.1 Participants
Study participants included 112 youths aged 14-18 years from both a residential
treatment program and the surrounding community. Eight youths were excluded due to excessive
movement and/or low response rate during fMRI scanning. This resulted in a final sample of 104
youths (75 from the residential treatment program and 29 from the community); average
age=16.3 (SD=1.09), IQ=100.1 (SD=11.01), and 59 males. Participants were clinically
characterized through psychiatric interviews conducted by licensed, board-certified psychiatrists
with the participants and their parents. Youths with significant substance abuse histories were
recruited from the residential treatment program and were abstinent for at least four weeks prior
to scanning.
Exclusion criteria included IQ<75 assessed with the Wechsler Abbreviated Scale of
Intelligence (WASI two-subtest form; Wechsler, 1999), pregnancy, non-psychiatric medical
conditions that require the use of medication that may have psychotropic effects (e.g., beta
blockers or steroids), current psychosis, pervasive developmental disorders, Tourette’s disorder,
neurological disorders, presence of metallic objects in the body (e.g. metal plates, pacemakers,
etc.), and claustrophobia.

4.2.2 Measures
4.2.2.1 Optimistic Bias (OB) Task
An adapted version of the Optimistic Bias (OB) task was administered during fMRI
scanning (Karina S. Blair et al., 2013). The stimuli for this task consisted of 48 possible future
events involving different levels of emotional valence (negative versus positive) and intensity
(low versus high). Events consisted of 12 high-intensity negative stimuli (e.g. getting in a car
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crash), 12 low-intensity negative stimuli (e.g. getting a sunburn), 12 low-intensity positive stimuli
(e.g., finding $5 on the street), and 12 high-intensity positive stimuli (e.g., winning an award).
The stimuli were selected from a larger set of stimuli (Karina S. Blair et al., 2013); the highintensity negative and positive events and low-intensity negative and positive events were
matched based on relative valence, and the four different event types were matched based on
number of letters and words.
During the task, participants read these possible future events and rated the likelihood of
the event happening to them across their lifetime, compared with other people of the same sex
and age. The rated their likelihood on a scale of 1-4 where 1=much below average; 2=below
average; 3=above average; or 4=much above average. Each event was presented for 6500 ms;
after which a fixation cross was displayed for 500 ms. In addition, 48 3000 ms fixation points
were presented randomly throughout the task to be used as an implicit baseline.

4.2.2.2 Substance Use Disorder Assessments
All participants completed both the AUDIT and the CUDIT. These scales assess overall
symptom severity of AUD and CUD, respectively, including overall quantity/frequency of use,
abuse symptoms, and dependence symptoms. These scales show high validity, as elevated scores
on these scales are associated with a high likelihood of an AUD and/or CUD diagnosis (Adamson
et al., 2010; Fairlie et al., 2006; Saunders et al., 1993). Smoking status was determined using the
Monitoring the Future Survey (Miech et al., 2016). Participants meeting clinical cutoffs on the
AUDIT/CUDIT were more likely to endorse prior smoking while sub-clinical AUDIT/CUDIT
scores were associated with rare prior tobacco use. Most participants who did not endorse prior
alcohol or cannabis use also endorsed no prior smoking history.
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4.2.2.3 Psychiatric Symptom Severity Assessments
In order to provide more details on psychiatric co-morbidities, levels of externalizing,
anxiety, and depressive symptom severity were assessed. Externalizing behaviors were assessed
using the externalizing problems subscale of the parent-report version of the Childhood Behavior
Checklist (Achenbach & Rescorla, 2001). The self-report version of the Screen for Child Anxiety
and Related Disorders (SCARED) was used to assess anxiety symptom severity (Birmaher et al.,
1997). The parent-report version of the Mood and Feelings Questionnaire (MFQ) was used to
assess depressive symptom severity (Angold et al., 1995).

4.2.3 MRI Parameters
All data were collected on a 3T Siemens Skyra scanner. A total of 197 functional images
were taken with a T2* weighted gradient echo planar imaging (EPI) sequence (repetition
time=2500 ms; echo time=27 ms; 240 mm field of view; 94x94 matrix; 90o flip angle). Wholebrain coverage was obtained with 43 axial slices (thickness, 2.5 mm; voxel size 2.6x2.6x2.5
mm3). A high-resolution T1 anatomical scan (MP-RAGE, repetition time=2200 ms; echo
time=2.48 ms; 230 mm field of view; 8o flip angle; 256x208 matrix; thickness, 1 mm; voxel size
.9x.9x1 mm3) in register with the EPI data set was obtained covering the whole brain with 176
axial slices.

4.2.4 fMRI Analysis: Data Preprocessing and Individual Level Analysis
Functional MRI data were preprocessed and analyzed using Analysis of Functional
NeuroImages (AFNI) software (Cox, 1996). The anatomical scan for each participant was
registered to the Talairach and Tournoux atlas (Talairach & Tournoux, 1988) and each
participant’s functional EPI data were registered to their Talairach anatomical scan in AFNI.
Functional images were motion corrected and spatially smoothed with a 6-mm full width half
maximum Gaussian kernel. The data then underwent time series normalization and these results
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were multiplied by 100 for each voxel. Therefore, the resultant regression coefficients are
representative of a percentage of signal change from the mean.
Afterward, nine regressors were generated. This included five indicator regressors: one
for low-intensity negative valence items, one for high-intensity negative valence items, one for
low-intensity positive valence items, one for high-intensity positive valence items, and trials with
no responses. Additionally, the subjective probability estimates on each trial were used to
modulate the percent signal change for all conditions except trials with no responses. Regressors
were generated by convolving the train of stimulus events with a boxcar function. GLM fitting
was performed with the nine regressors listed; six motion regressors, and a regressor modeling a
first-order baseline drift function. This produced a β-coefficient and an associated t-statistic for
each voxel and regressor.

4.2.5 fMRI Analysis: Group Analysis
To reduce skewness and kurtosis, a Rankit Transformation was applied to participants'
AUDIT scores (Bliss et al., 1956). For AUDIT scores, pre-transformation skewness and kurtosis
values were 1.74 and 2.68, respectively. Post-transformation, skewness and kurtosis values for
AUDIT scores were 0.49 and -0.55. The skewness and kurtosis values for CUDIT scores were
0.53 and -0.88, respectively, so no transformation was applied to the CUDIT scores. The RankitTransformed AUDIT scores and the raw CUDIT scores were then standardized, and these values
were used as continuous covariates in all analyses.
Two analyses were run. To examine dysfunction within brain regions coding valence and
intensity, we ran a 2 (valence: negative, positive)-by-2 (intensity: low, high) repeated-measures
ANCOVA on the unmodulated BOLD response data with AUDIT scores, CUDIT scores, and the
AUDIT-by-CUDIT interaction as continuous covariates. To examine dysfunction related to OB,
we ran a univariate ANCOVA on the BOLD response data modulated by OB with AUDIT,
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CUDIT, and the AUDIT-by-CUDIT interaction as continuous covariates. Follow-up correlations
and Steiger-Z tests were performed within SPSS 22.0 (IBM SPSS Statistics For MacOSX, 2012)
and using freely available online tools (Lee & Preacher, 2013). Interactions involving the
AUDIT-by-CUDIT interaction were probed using a bootstrapping analysis within the PROCESS
macro for SPSS (Preacher & Hayes, 2004), using the Johnson-Neyman technique to identify
regions of significance. In order to facilitate future meta-analytic work, effect sizes for all clusters
are reported.
Correction for multiple comparisons was performed using a spatial clustering operation
in AFNI’s 3dClustSim utilizing the autocorrelation function (-acf) with 10,000 Monte Carlo
simulations for the whole-brain analysis. The initial threshold was set at p=.002 (Cox et al.,
2017a; Cox, Chen, Glen, Reynolds, & Taylor, 2017b). This process yielded an extant threshold of
k=27 voxels. Follow-up analyses were conducted on the percent signal change taken from all
significant voxels within each ROI and whole brain functional masks generated by AFNI to
examine significant main effects and interactions with planned follow-up testing within SPSS
22.0 (IBM SPSS Statistics For MacOSX, 2012).

4.3 Results
4.3.1 Clinical Data
Of the 104 participants, 83 endorsed at least some prior use of either alcohol and/or
cannabis. AUDIT scores ranged from 0-34 (M=5.6, SD=7.50) and CUDIT scores from 0-32
(M=10.3, SD=9.72). There were no correlations between age, IQ, and AUDIT/CUDIT scores
(r's<.19, ns) and there were no differences between males and females on AUDIT/CUDIT scores
(t's<1.42, ns). Of these 83 youth, 63 met the clinical cutoffs on the AUDIT and/or CUDIT
suggestive of adolescent AUD (AUDIT≥4) or CUD (CUDIT≥8) (cf. (Adamson et al., 2010;
Fairlie et al., 2006). 45 participants had an AUDIT score≥4 and 54 participants had a CUDIT
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score≥8. In line with prior reports of high rates of poly-substance use in adolescents (Mason et
al., 2013; Moss et al., 2014), 36 participants had both an AUDIT score≥4 and CUDIT score≥8.
Correlation analyses were run to determine differential relationships between AUD/CUD
symptom severity and psychiatric symptom levels dimensionally. This analysis revealed a
positive correlation between AUDIT and CUDIT scores [r=0.58, p<.001]. Both AUDIT and
CUDIT scores were positively associated with externalizing behaviors (CBCL externalizing Tscore; r’s=0.50 and 0.50, respectively, p’s<.001) and depressive symptoms (MFQ total score;
r’s=0.34 and 0.31, respectively, p’s<.005), but not anxiety symptoms (SCARED total score;
r's=0.10 and 0.10, respectively, ns). Importantly, there were no significant differences in
correlation strengths between AUDIT and CUDIT scores and levels of psychopathology
[Steiger's Z's=-0.08-0.34, ns]. There were also no differential correlations between AUDIT and
CUDIT scores and level of smoking [Steiger's Z=0.44, ns]. See Tables 8 and 9 for more details.
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Table 8. Clinical and Demographic Characteristics
No SU (n=21)
Subclinical SU (n=20)

AUDIT ≥ 4 (n=45)a

CUDIT ≥ 8 (n=54)a

Age
15.9 (1.22)
16.9 (0.99)
16.3 (1.10)
16.1 (1.05)
IQ
99.6 (11.03)
103.3 (12.83)
98.0 (10.23)
98.9 (10.97)
% Male
52.4
40.0
53.3
63.0
ADHD
0%
30.0%
68.9%
66.7%
CD
0%
30.0%
71.1%
77.8%
PTSD
0%
15.0%
28.9%
18.5%
SAD
0%
25.0%
28.9%
22.2%
GAD
0%
20.0%
37.8%
35.2%
MDD
0%
45.0%
33.3%
25.9%
CBCL ADHD Raw
1.1 (1.96)
3.32 (3.59)
7.1 (3.37)
6.8 (3.19)
Score
CBCL CD Raw Score
1.0 (1.45)
6.0 (7.45)
14.1 (6.80)
13.6 (6.24)
CBCL Externalizing T44.1 (8.89)
53.6 (16.40)
72.0 (9.15)
71.2 (8.08)
score
SCARED Social
5.1 (4.00)
5.2 (4.30)
5.7 (4.41)
5.3 (3.98)
Anxiety Score
SCARED Generalized
5.0 (3.55)
5.5 (4.70)
8.1 (5.45)
7.4 (4.86)
Anxiety Score
SCARED Total Score
15.2 (9.54)
16.9 (13.10)
25.3 (18.81)
22.1 (15.79)
MFQ
2.5 (3.16)
9.2 (11.23)
19.5 (14.53)
19.23(14.22)
AUDIT
0 (0)
1.3 (0.98)
11.9 (7.61)
8.7 (8.53)
CUDIT
0 (0)
2.8 (2.86)
15.7 (8.71)
18.3 (6.54)
Smoking
0 (0)
1.2 (1.18)
2.8 (1.13)
2.6 (1.38)
a
36 participants had an AUDIT score≥4 and a CUDIT score≥8
Note: ADHD = Attention Deficit/Hyperactivity Disorder; CD = Conduct Disorder; PTSD = Post Traumatic Stress Disorder; SAD =
Social Anxiety Disorder; GAD = Generalized Anxiety Disorder; MDD = Major Depressive Disorder; Diagnoses may overlap.
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Table 9. Zero-Order Correlations Across Demographic and Clinical Variables
1
2
3
4
5
6
7
1. Age
2. IQ
0.18
3. Gendera
0.12
0.04
4. AUDIT
-0.04
0.03
0.13
5. CUDIT
0.08
-0.15
0.14
0.58*
6. Smoking
0.15
-0.06
0.14
0.39*
0.36*
7. CBCL- ADHD
0.02
-0.00
0.13
0.32*
0.24†
0.52*
8. CBCL- Conduct
-0.05
-0.08
0.11
0.45*
0.31* 0.55* 0.74*
9. CBCL-0.03
-0.12
0.16
0.47*
0.39* 0.61* 0.81*
Externalizing
10. SCARED- SAD
0.12
0.01
-0.16
-0.09
0.00
-0.08
0.05
11. SCARED- GAD
0.10
-0.01
-0.27* -0.09
-0.04
0.10
0.21†
12. SCARED- Total
0.09
-0.07
-0.26* -0.10
-0.03
0.06
0.20
13. MFQ- Total
-0.01
-0.12
-0.05
0.16
0.21†
0.28* 0.52*
a- Gender coded as Female=0, Male=1, †significant at p<0.05, *significant at p<0.01

8

9

10

11

12

-0.03
0.22†
0.20
0.56*

0.69*
0.80*
0.16

0.91*
0.33*

0.33*

0.93*
-0.06
0.15
0.20
0.56*

13
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4.3.2 Behavioral Results
We ran two 2 (valence: negative, positive)-by-2 (intensity: low, high) repeated measures
ANCOVAs on both the rating and response time (RT) data with rankit-transformed, standardized
AUDIT and standardized CUDIT scores as continuous covariates. For rating, there was a
significant main effect of valence [F(1, 100)=76.75, p<.001]; participants rated positive more
likely to happen to them than negative events [MPos=2.78; MNeg=2.22]. Additionally, there was a
valence-by-intensity interaction effect such that participants rated high-intensity, positive valence
items higher relative to all other items [t’s=7.26-13.90, p’s<.001]. There were no significant
effects of, or interactions with, AUDIT/CUDIT scores.
For the RT data, there was a significant main-effect of intensity [F(1,100)=4.37, p<.05];
participants had slower RT’s for low-intensity items [Mlow=2978.11 ms] relative to high-intensity
items [Mhigh=2922.67 ms]; see Supplementary Table S4. There was a CUDIT-by-Valence
interaction that approached significance [F(1,100)=3.66, p=.06], such that there was a stronger
positive relationship between CUDIT scores and RT’s for positive items relative to negative
items [Steiger’s Z=1.84, p=.07]. Futhermore, there was a significant AUDIT-by-valence-byintensity interaction [F(1,100)=9.66, p<.005]; increasing AUDIT scores were associated with
significant greater RT’s for high-intensity, negative valence items relative to all other items
[Steiger’s Z’s=2.56-3.32, p’s<.02].

4.3.3 Movement Data
Eight participants were excluded due to excessive motion or low response rate on the
task. Within the final sample (N=104), volumes were censored if there was >0.5 mm motion
across adjacent volumes. No participant in the final sample for the current study had >20%
censored volumes. There were no significant correlations between AUDIT scores and CUDIT

80

scores and censored volumes, average motion per volume, and maximum displacement during
scanning within the final sample [r's=-0.13-.12, ns].

4.3.4 fMRI Results
The goal of the current study was to examine whether level of adolescent AUD or CUD
symptomatology was related to dysfunction in brain regions associated with optimism. This was
examined with a 2 (valence: negative, positive)-by-2 (intensity: low, high) repeated measures
ANCOVA. Standardized, Rankit-transformed AUDIT scores and standardized CUDIT scores
were included as continuous covariates. This analysis revealed (see appendix E for main effects
of task):

4.3.4.1 CUDIT-by-Intensity Interaction
There was a significant CUDIT-by-intensity interaction within regions including
subgenual anterior cingulate cortex (sgACC), amygdala, posterior cingulate cortex (PCC),
culmen, and lingual gyrus (Figure 8, Table 10). Within these regions, the participants as a whole
showed greater responses to high- relative to low-intensity items. However, this increased
response to high-intensity items was progressively compromised as a function of CUD symptom
severity. Specifically, there was a significantly stronger negative relationship between CUDIT
scores and BOLD response on high-intensity items relative to low-intensity items [Steiger's Z's=5.35 to -3.90, p's<.001].
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Figure 8. CUDIT-by-intensity interaction within the (A) PCC, (B) right amygdala, and (C) left
amygdala. Participants with higher CUDIT scores showed decreased responses to high-intensity
relative to low-intensity future events; * indicates significant differences between partial
correlation values (Steiger's Z>1.96, p<0.05).

82

4.3.4.2 CUDIT-by-Valence-by-Intensity Interaction
There was a significant CUDIT-by-Valence-by-intensity interaction within regions
including precentral gyrus, cuneus, and occipital cortex (Figure 9, Table 10). In all brain regions
there was a significant negative relationship between CUDIT scores and differential BOLD
responsiveness to high-intensity negative relative to high-intensity positive items [Steiger's Z's=3.50--2.77, p's<.01].
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Figure 9. CUDIT-by-Valence-by-intensity interaction within the (A) cuneus and (B) precentral
gyrus. Participants with higher CUDIT scores showed decreased responses to high-intensity
negative valence relative to high-intensity positive valence future events; * indicates significant
differences between partial correlation values (Steiger's Z>1.96, p<0.05).
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4.3.4.3 AUDIT-by-CUDIT-by-Intensity Interaction
There was a significant AUDIT-by-CUDIT-by-intensity interaction within rostromedial
prefrontal cortex (rmPFC) and dorsomedial prefrontal cortex (dmPFC; Figure 10, Table 10).
Within these regions, participants showed greater response to high-intensity relative to lowintensity items. Using the Johnson-Neyman technique to probe this interaction, participants with
CUDIT scores≤9 (n=55) showed a signficant negative relationship between AUDIT scores and
BOLD response to high-intensity relative to low-intensity future events [β's<-0.09, p's<.05].
Within the rmPFC, participants with CUDIT scores≥22 (n=16) showed a positive relationship
between AUDIT scores and BOLD response to high-intensity relative to low-intensity future
events [β>0.04, p<.05]. Within the dmPFC, participants with CUDIT scores≥25 (n=12) showed a
positive relationship between AUDIT scores and BOLD response to high-intensity relative to
low-intensity future events [β>0.03, p<.05].
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Figure 10. AUDIT-by-CUDIT-by-intensity interaction within the (A) rmPFC and (B) dmPFC.
Within rmPFC, participants with co-morbid past-year alcohol/cannabis use showed reduced
responsivity to high-intensity future events compared to participants with no past-year alcohol or
cannabis use. Within dmPFC, participants with co-morbid past-year alcohol/cannabis use and
with past-year alcohol use only showed reduced responsivity to high-intensity future events
compared to participants with no past-year alcohol or cannabis use. Within both brain regions,
there was a negative relationship between AUDIT scores and BOLD responses to high-intensity
at CUDIT scores≤9. * indicates significant differences between BOLD responses at p<.05; solid
lines indicate significant within-group differentiation between high-intensity and low-intensity
future events at p<.05; dotted lines indicate significant group differences between the values of
the high-intensity minus low-intensity contrast at p<.05.
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4.3.4.4 AUDIT-by-Valence-by-Intensity Interaction
There was a significant AUDIT-by-Valence-by-Intensity interaction within posterior
insula and precentral gyrus (Figure 11, Table 10). Within both brain regions, there was a
significant positive relationship between AUDIT scores and differential BOLD responsiveness to
high-intensity negative relative to high-intensity positive items [Steiger's Z's=3.36-3.45,
p's<.001].
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Figure 11. AUDIT-by-Valence-by-intensity interaction within the posterior insula.
Participants with higher AUDIT scores showed increased responses to high-intensity negative
valence relative to high-intensity positive valence future events. Additionally, participants with
higher AUDIT scores showed increased RT's during high-intensity negative valence relative to
high-intensity positive valence future events. * indicates significant differences between partial
correlation values (Steiger's Z>1.96, p<0.05).
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Table 10. Brain regions demonstrating significant CUDIT-by-Intensity, AUDIT-by-CUDIT-by-Intensity, AUDIT-byValence-by-Intensity, and CUDIT-by-Valence-by-Intensity Interactions
Coordinates of Peak Activationb
a
Region
Hemisphere
BA
x
y
z
F
Partial η2
Voxels
CUDIT-by-Intensity
sgACC
R/L
25
-1
20
-4
32.82
0.247
32
PCC
R/L
23
-7
-55
14
20.72
0.172
125
Amygdala
R
38
26
5
-34
37.11
0.271
57
Amygdala
L
-25
-16
-19
27.55
0.216
29
Culmen
L
36
-22
-43
-13
20.89
0.173
62
Lingual Gyrus
R
19
17
-58
-4
17.84
0.151
34
CUDIT-by-Valence-by-Intensity
Precentral Gyrus/iFG
L
6/44
-55
5
11
20.90
0.173
75
Precentral Gyrus
R
6
50
-7
26
22.62
0.184
36
Cuneus
R/L
18
11
-73
14
20.94
0.173
382
Occipital Cortex
L
17
-19
-91
-7
15.63
0.135
43
AUDIT-by-CUDIT-by-Intensity
rmPFC
R/L
9/10
2
53
20
19.20
0.161
67
dmPFC
R
8
11
41
44
18.39
0.155
33
AUDIT-by-Valence-by-Intensity
Posterior Insula
R
13/40
47
-22
17
22.33
0.183
32
Precentral Gyrus
L
6
-55
2
20
18.54
0.156
31
Note: a According to the Talairach Daemon Atlas (http://www.nitrc.org/projects/tal-daemon/), b Based on
the Tournoux & Talairach standard brain template, BA= Brodmann’s Area
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4.3.5 Potential Confounds
Calculation of Mahalanobis Distances revealed two multivariate outliers; therefore, the
same analysis was repeated with these outliers removed from the dataset (Table F1). To rule out
the possibility that smoking may have influenced our results, this analysis was repeated with
participants who endorsed current regular smoking removed from the sample (Tables F2). These
analyses revealed similar results (Appendix F).

4.4 Discussion
The goal of the current study was to examine whether AUD and/or CUD
symptomatology was related to dysfunction in the neural circuitry underlying OB.
We found that increased CUD symptoms were associated with: (i) decreased responsiveness of
sgACC, amygdala, and PCC to high-intensity relative to low-intensity future events and (ii)
decreased premotor cortex and cuneus activation to high-intensity, negative valence items was
associated with increased CUD symptoms. This decreased responsiveness sensitivity to highintensity relative to low-intensity future events was also generally seen in individuals showing
general substance use within rmPFC and dmPFC. In addition, we found that increased AUD
symptom severity was selectively associated with both increased posterior insula sensitivity to
future high-intensity negative valence events and increased RT's when evaluating these future
events.
Our first finding was that there was decreased activation in sgACC, amygdala, and PCC
for high-intensity items relative to low-intensity items as CUDIT scores increased. These brain
regions, particularly sgACC and PCC, have been implicated in the representation of subjective
value, increasing responsiveness as a function of subjective value (Clithero & Rangel, 2013).
Moreover, they show greater activation for positive relative to negatively valenced future events
during OB task performance (Karina S. Blair et al., 2013; Sharot et al., 2007). However, in the
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current study, these regions did not reveal CUDIT-by-Valence but rather CUDIT-by-Intensity
Interactions. Of course, the high-intensity items were of notably greater emotive value than the
low-intensity items (e.g., high-intensity positive and negative items vs. low-intensity positive and
negative items). Importantly, previous studies have shown responsiveness of these regions to
emotional stimuli as a function of arousal rather than valence (Kensinger & Schacter, 2006; Kress
& Aue, 2017; Lin et al., 2016; Sander, Grafman, & Zalla, 2003). Indeed, it is also notable that
adults with heavy cannabis use histories have shown reduced activity in a proximal region of
vmPFC/ACC during the evaluation of emotionally salient images whether these images were
positive or negatively valanced (Wesley et al., 2016). Moreover, it has been proposed that
dysfunction in the integrated function of the amygdala and PCC plays a critical role in SUDs,
including CUD, perhaps with respect to exteroception (DeWitt et al., 2015). In short, the current
data suggest that increasing severity of CUD symptomatology is associated within increasing
disruption in representing the emotional salience of high impact future events.
There were also two regions where increasing CUD symptom severity was particularly
related to reduced responsivity to high-intensity, negative valence items; premotor and visual
cortices. These are regions implicated in motor planning (Hétu et al., 2013) and visual
processing, respectively (Addis, Wong, & Schacter, 2007). Considerable data indicates that there
is greater activity within visual cortex to emotional relative to neutral stimuli (P Vuilleumier,
Armony, Driver, & Dolan, 2001; Patrik Vuilleumier, 2005; Patrik Vuilleumier, Richardson,
Armony, Driver, & Dolan, 2004) although this is not typically seen within premotor cortex. With
respect to CUD, prior work has shown that CUD is associated with impairments in visuomotor
integration (King et al., 2011). In one study, chronic cannabis use was associated with
compromised performance on neuropsychological assessment of psychomotor function as well as
decreased BOLD responses within premotor and visual cortices during a visuomotor integration
task (King et al., 2011). In combination with our CUDIT-by-Intensity findings discussed above,
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we hypothesize that these CUDIT-by-Valence-by-Intensity findings primarly reflect a failure to
represent emotionally salient, potential future events that then has knock-on effects when
organizing the motor response to these events.
Interestingly, there was evidence of an AUDIT-by-CUDIT-by-Intensity interaction
within rmPFC and dmPFC. Within both regions, AUDIT scores were inversely related to
responsiveness to high versus low-intensity items in individuals with low CUDIT scores. But
notably, and as can be seen in Figure 10, this represented a strong differentiation of high vs. low
impact items in both regions only for individuals who did not endorse any past-year substance use
(e.g., Alc-/Can-). For individuals showing levels of either AUD or CUD symptomatology
(though if CUDIT scores were low, AUD severity became progressively more important),
differential responsiveness to high vs. low impact items in both items was notably reduced.
These regions have been implicated in the integration of subjective value information when
engaging in decision-making (Clithero & Rangel, 2013; Euston, Gruber, & McNaughton, 2012).
Indeed, dysfunction within these regions has been implicated in increased risky decision-making
(Bechara et al., 2001). Risky decision-making is well documented in both adults and adolescents
with SUDs (S. Grant, Contoreggi, & London, 2000; Schutter, Van Bokhoven, Vanderschuren,
Lochman, & Matthys, 2011; Whitlow et al., 2004). Furthermore, dysfunction in rmPFC and
dmPFC has been implicated in decision-making deficits in adults and adolescents with SUDs
(Crowley et al., 2010; Wesley et al., 2011).
Finally, we found that increased AUD symptom severity was selectively associated with
increased posterior insula responsiveness to future high-intensity negative valence events and
increased RT's when evaluating these future events. Notably, the majority of our high-intensity,
negative valence stimuli were painful (e.g., breaking an arm). Posterior insula cortex has been
implicated in pain perception (Segerdahl, Mezue, Okell, Farrar, & Tracey, 2015). Previous work
in adults has reported that both alcohol dependence and withdrawal are associated with increased
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pain sensitivity (Egli, Koob, & Edwards, 2012; Jochum, Boettger, Burkhardt, Juckel, & Bär,
2010). It could thus be speculated that adolescents with high levels of AUD symptomatology are
also hypersensitive to pain. This hypersensitivity may lead to increased processing of our high
negative items, resulting in a longer RT, and increased activity within posterior insula cortex. Of
course, this explanation is highly speculative and leaves as an open question why AUD symptom
severity might be related to dysfunction in one brain region within the neuro-circuitry underlying
pain perception, but not others such as anterior cingulate cortex.
The results of this study must be viewed in light of several caveats. First, we did not
conduct urine or breathalyzer testing for alcohol or cannabis use at the time of scanning.
However, all youths with significant alcohol and/or cannabis abuse histories were residents of a
highly supervised residential treatment facility for at least four weeks prior to scanning,
mitigating this concern. A second caveat is that this study was cross-sectional in nature. As such,
it is not possible whether the relationships reported in the current study reflected the effects of
alcohol/cannabis abuse on the developing brain or whether they reflected pre-existing risk factors
for alcohol and/or cannabis use. Longitudinal neuroimaging work has shown that both alcohol
and cannabis use alter neurodevelopment (F. M. Filbey et al., 2015; Squeglia et al., 2015).
However, it should be noted that it is unclear whether there are pre-existing neural risk factors
that place adolescents at risk specifically for CUD rather than AUD (or vice-versa). Since there
were differential relationships between AUD and CUD symptom severity on brain function might
suggest that the current results are more reflective of the intensity of AUD and/or CUD on the
developing brain. However, longitudinal work is needed to confirm this. A third significant
caveat is that the sample in the current study reflected clinical reality, in that there was a high
degree of psychiatric co-morbidity in participants with high levels of AUD and/or CUD
symptoms. As such, it could be argued that the findings presented here reflect psychiatric
conditions related to psychiatric co-morbidities rather than AUD/CUD symptomatology.
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Although it would be possible to test participants without co-morbidities, this would mean
investigating a clinically unusual sample. Additionally, increasing substance abuse is
hypothesized to compromise functions associated with a number of psychiatric conditions
(Volkow, Koob, et al., 2016). Importantly, however, there were no significant differences
between the relationships of AUD and CUD symptom severity and externalizing, anxious, or
depressive psychopathologies, mitigating this concern.
In summary, we found that CUD symptom severity was related to decreased
responsiveness when calculating the likelihood of a future high-intensity event to the self relative
to others within regions including sgACC, rmPFC, dmPFC, amygdala, PCC, premotor and visual
cortices (albeit the latter only for high-intensity future negative events). We hypothesize that this
reflects a relationship between increasing severity of CUD symptomatology and disruption in the
representation of the emotional salience of high impact future events and the use of this
information within regions implicated in decision making (particularly rmPFC and dmPFC) and
the organization of motor responding (premotor cortex). Such a relative disruption may further
exaggerate the difficultes faced by youth with CUD, leading to a progressive failure to
appropriately represent future consequences of their actions. There was also evidence of a
relationship between AUD symptom severity and responsiveness within rmPFC and dmPFC to
high-intensity events as will as increased posterior insula responsiveness to future high-intensity
negative valence events and increased RT's when evaluating these future events. This may also
detrimentally impact decision-making regarding future consequences of actions in youth with
AUD.
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Chapter 5. Conclusions and Future Directions
5.1 Conclusions
The data presented in this thesis indicate differential and interactive relationships
between AUD versus CUD symptom severity and neural dysfunction in an adolescent population.
AUD symptom severity was related to (i) reduced reward responsiveness within VS and PCC; (ii)
increased amygdala responsiveness to emotional, particularly positively valenced stimuli; and
(iii) decreased activity within behavioral inhibition and top-down attention neuro-circuitries. In
contrast, CUD symptom severity was related to (i) decreased activity in the error detection
network (ACC and dorsal striatum), particularly under a punishment reinforcement contingency;
(ii) increased activity in the dorsal attention network; and (iii) decreased activity in subjective
value circuitries when evaluating potential future high-intensity events. There were also two
AUDIT-by-CUDIT interaction effects of note. The current data indicate that CUDIT scores
moderated: (i) the relationship between AUDIT scores and amygdala response to negative images
and (ii) the relationship between AUDIT scores and rmPFC/dmPFC response to future highintensity events.
The most widely proposed model of addiction (i.e. the reward-deficit/stress-surfeit model
of addiction) proposes that two processes are hypothesized to form the neurobiological basis for
the chronic sequelae of addiction: (1) loss of function in the reward systems (within-systems
neuroadaptation) in the ventral striatum, and (2) increased stress-related activity in the amygdala
(between-systems neuroadaptation) (Koob, 2015; Koob & Volkow, 2016; Volkow, Koob, et al.,
2016). The current data indicate that AUDIT scores are related to reduced striatal reward
responsiveness during the MID task and increased amygdala responsiveness to emotional stimuli
during the aST in an adolescent population.
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However, not all of the relationships within the current data can be explained by the
reward-deficit/stress-surfeit model of addiction. One relationship that cannot be explained by this
model is that AUDIT scores were inversely associated with recruitment of behavioral inhibition
and top-down attention circuitries during the aST. Notably, the adult literature also indicates that
individuals with AUD show reduced responsiveness within these brain regions (Ahmadi et al.,
2013; Claus et al., 2013). In one study with adolescents recruited from a juvenile justice
program, recent alcohol use was negatively associated with recruitment of top-down attention
regions during a color-word Stroop task (Thayer et al., 2015). In addition to the within-systems
neuroadaptation and the between-systems neuroadaption, alcohol is also thought to exert a
neurotoxic effect on cortical neurons (Karoly, YorkWilliams, et al., 2015), leading to dysfunction
in executive control networks involved in behavioral inhibition and top-down attention.
Importantly, the reward-deficit/stress-surfeit model of addiction also proposes that the
pathophysiology of addiction is fairly consistent across different substances (Koob, 2015; Koob
& Volkow, 2016; Volkow, Koob, et al., 2016). However, the current data suggest that there are
somewhat different relationships between AUDIT scores and neural dysfunction and CUDIT
scores and neural dysfunction. Specifically, increased CUDIT scores were associated with
reduced ACC sensitivity to error processing in the context of potential punishment outcomes in
the MID task. Prior neuroimaging work in adults has shown that individuals with histories of
heavy cannabis use have reduced responses to errors (Carey et al., 2015; Hester et al., 2009;
Wesley et al., 2011), are less aware of errors (Hester et al., 2009), and have a reduced capacity to
learn from errors (Carey et al., 2015; Wesley et al., 2011). Furthermore, increased CUDIT scores
were associated with increased activity within the dorsal attention network in the aST. This is
consistent with findings in the adult literature that indicate increasing responsiveness of executive
attention regions in individuals with cannabis use histories (Gruber et al., 2013; Gruber &
Yurgelun-Todd, 2005). Finally, increased CUDIT scores were associated with dysfunction in
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encoding salience when rating the likelihood of high-intensity future events, consistent with
evidence that there may be impairments in salience representation in individuals with high levels
of CUD symptom severity, leading to impaired emotional processing (Gruber et al., 2010; Wesley
et al., 2016) and decision-making (Wesley et al., 2011).
The current data also indicate that there are potentially interactive effects between AUD
and CUD symptomatology on the adolescent brain. The current data indicate that in the context
of passively viewing negatively valenced images, there is a positive relationship between AUDIT
scores and amygdala response to negatively valenced images only in adolescents with high levels
of CUD symptom severity. Additionally, the current data indicate is a negative relationship
between AUDIT scores and rmPFC response to high-intensity future events only in individuals
with high levels of CUD symptom severity. This likely indicates that this particular dysfunction
reflects an impairment related to general substance use.
The current data indicate that while the reward-deficit/stress-surfeit model of addiction
may be applicable, in part, to AUD in adolescents, the relationships within the current data cannot
all be explained by this model of addiction. This likely suggests that there are additional factors
contributing to the pathophysiology of SUDs in adolescent populations. One such suggestion is
that individuals with SUDs show disruptions in executive functioning, resulting in dysfunction
within prefrontal and parietal cortices, leading to hyperattentiveness to drug-related stimuli and
hypoattentiveness to non-drug-related stimuli. This can ultimately result in impaired processing
of external stimuli and compromised decision-making related to drug use (DeWitt et al., 2015;
Moeller & Goldstein, 2014). The current data are also consistent with this view, as AUDIT
and/or CUDIT scores were associated with dysfunctions in various neuro-circuitries associated
with executive functioning across all three tasks.
Another possibility is that the utility of the reward-deficit/stress-surfeit model of
addiction may be limited in adolescent populations. This is not surprising, as this model of
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addiction was largely developed from studies of adult data (Koob, 2015; Koob & Volkow, 2016;
Volkow, Koob, et al., 2016), but from a clinical perspective adolescents with SUDs tend to
present differently than adults (Feldstein Ewing et al., 2014). For example, adolescents with
alcohol dependence are more likely to show comorbid depressive and conduct problems relative
to adults with alcohol dependence (Deas, Riggs, Langenbucher, Goldman, & Brown, 2000).
Furthermore, adolescents with alcohol dependence are more likely to engage in poly-substance
use than adults with AUD (Deas et al., 2000). It has also been suggested that the neurobiology
underlying risk factors for SUDs may not be the same as the effects of SUDs. For example,
increased sensitivity to reward has been associated with increased risk for SUDs (Heitzeg et al.,
2014), while decreased sensitivity to reward has been identified as a sequela of SUDs (Beck et
al., 2009; Wrase, Schlagenhauf, et al., 2007). To summarize, the pathophysiology of SUDs in
adolescents may not be the same as the pathophysiology of SUDs in adults.
The final issue with the reward-deficit/stress-surfeit model of addiction is that it
postulates that the pathophysiology of all SUDs is essentially identical. The current data do not
support this hypothesis. Alcohol and cannabis are thought to exert their influence on the brain
through separate molecular mechanisms (Karoly, YorkWilliams, et al., 2015; Spear, 2016), and
our data suggest that at a systems-level, this results in dysfunction in differential neuro-circuitries.
Indeed, there is some evidence of this within the current neuroimaging literature. For example,
although adults with AUD histories consistently show hypo-responsiveness to reward (Beck et
al., 2009; Wrase, Kahnt, et al., 2007), the literature is considerably more mixed with regards to
cannabis use (F. M. Filbey et al., 2013; van Hell et al., 2010). In addition, structural MRI studies
indicate that alcohol use in adolescence is largely associated with reductions in cortical thickness
(Squeglia et al., 2015) while cannabis use in adolescence is largely associated with increased
cortical thickness (F. M. Filbey et al., 2015). Furthermore, data from treatment studies suggests
that there may be different neuro-circuitries recruited in the successful treatment of AUD versus

98

CUD, even within the same treatment modality (Feldstein Ewing et al., 2013, 2017). This
literature, combined with the current data, indicate that there may be important differences in the
pathophysiologies of AUD and CUD with critical implications for treatment outcomes.

5.2 Future Directions
There are also several avenues for future work with regards to dysfunctional neurocircuitries in adolescent AUD and CUD. One such avenue is to examine the potential moderating
or mediating role of trauma exposure on neural dysfunction related to adolescent AUD or CUD
symptoms. Indeed, adverse childhood experiences have been associated with an increased risk of
alcoholism and drug abuse later in life (Felitti et al., 1998). Furthermore, prior work has found
that trauma exposure is related to striatal hypoactivity to reward in the MID task (Dillon et al.,
2009) and that PTSD symptom severity is related to increased amygdala activity in the aST
(White, Costanzo, Blair, & Roy, 2014b). These data are similar to the relationships found
between AUD and dysfunctional reward system and emotional processing within the current data.
It is therefore feasible that either: (i) early life trauma induces neural dysfunction that places
individuals at risk for developing problematic substance use behaviors in adolescence or (ii) early
life trauma exacerbates the effects of substance use during adolescence. Future work will be
necessary to distinguish between these two alternatives.
A second avenue for future research is to examine potential interactions with other
psychiatric symptom sets, including attention deficit/hyperactivity disorder (ADHD), disruptive
behavior disorders (DBDs), depression, and anxiety. ADHD, DBDs, and SUDs are all
characterized by impulsive behaviors (Evenden, 1999) and deficits in decision-making (Kovács,
Richman, Janka, Maraz, & Andó, 2017; Wesley et al., 2011; White, Tyler, Botkin, et al., 2016;
White, Tyler, Erway, et al., 2016; Whitlow et al., 2004; Xiao et al., 2012). Previous work has
found decreased activity within response inhibition and top-down attention regions in adolescents
with ADHD (Hwang et al., 2015) and DBDs (Hwang et al., 2016b). Future work should seek to
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investigate whether alcohol use potentially exacerbates dysfunction within response inhibition
and top-down attention neuro-circuitries in adolescents with ADHD and/or DBDs. Additionally,
depression and anxiety symptoms are thought to perpetuate AUD and/or CUD symptoms in
adults (Koob & Volkow, 2016; Volkow, Koob, et al., 2016). Individuals with depression show
decreased striatal responses to monetary reward (Pizzagalli et al., 2009). Individuals with anxiety
show increased amygdala responses to emotional stimuli (Etkin & Wager, 2007). It is therefore
possible that: (i) decreased striatal responsiveness to reward mediates the relationship between
major depressive disorder and AUD symptoms, (ii) AUD symptoms exacerbate an inverse
relationship between depressive symptoms and striatal responsiveness to reward, (iii) increased
amygdala responsiveness to emotional stimuli mediates the relationship between anxiety
symptoms and AUD and/or CUD symptoms, and/or (iv) AUD and/or CUD symptoms exacerbate
he relationship between anxiety symptoms and amygdala responsiveness to emotional stimuli.
Future investigations should seek to characterize whether the combination of decreased striatal
responses and depression and/or whether the combination of increased amygdala responses and
anxiety contribute to the perpetuation of SUD symptoms in adolescents. On a related note, reward
processing neuro-circuitry has been shown to be a reliable marker of treatment response in
individuals with major depressive disorder (Dichter et al., 2009). Functioning of reward
processing neuro-circuitry has also been used to predict individuals who may be sensitive to
psychotherapy (Carl et al., 2016; Walsh et al., 2017) as well as pharmacological intervention with
selective serotonin reuptake inhibitors (McCabe, Mishor, Cowen, & Harmer, 2010). Additionally,
emotion-processing neuro-circuitry has been shown to be a reliable marker of treatment response
in individuals with anxiety disorders (McClure et al., 2007). It is therefore possible that: (i)
reward processing neuro-circuitry could be used as a marker of SUD treatment response within
the context of major depressive disorder or (ii) emotion-processing neuro-circuitry could be used
as a marker of SUD treatment response within the context of anxiety disorders.
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5.3 Summary
In summary, the current data show that there are distinct dysfunctions across various
neuro-circuitries that are uniquely related to AUD symptom severity and/or CUD symptom
severity within an adolescent population. Moving forward, it will be critical to identify the neural
basis for how AUD and/or CUD symptoms might interact with other psychiatric conditions, but
also how these differential dysfunctions may play a role in developing customized treatments for
AUD and CUD.
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Appendix A: MID Task Main Effects
Main Analysis: Main Effects (Tables A1 and A2)
The AFNI ClustSim program was used to establish a p=.05 corrected threshold
(26 voxel clusters at initial threshold of p=.002) for a whole-brain analysis. All reported
regions in the whole-brain analysis exceed this threshold.
BOLD Response Modulated by Reward Receipt (Table A1)
There was significant modulation of BOLD response by amount of reward
received in ventral striatum, caudate, putamen, medial prefrontal cortex (mPFC), anterior
cingulate cortex (ACC), superior frontal gyrus (SFG), insula, inferior frontal gyrus (iFG),
precentral gyrus, posterior cingulate cortex (PCC), inferior parietal lobule (iPL),
supramarginal gyrus, occipital cortex, cerebellum, and thalamus. All brain regions
showed significant positive modulation by amount of reward received.
Main Effect of Reinforcement (Punishment versus Reward; Table A2)
There was a significant main effect of reinforcement in middle frontal gyrus
(MFG) and iPL.
Main Effect of Accuracy (Unsuccessful Feedback versus Successful Feedback; Table A2)
There was a significant main effect of accuracy in ACC, dmPFC, insula, iFG,
MFG, SFG, thalamus, precuneus, iPL, occipital cortex, supramarginal gyrus, superior
temporal gyrus, precentral gyrus, putamen, caudate, cuneus, and cerebellum.
Reinforcement-by-Accuracy Interaction Effect (Table A2)
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There were significant reinforcement-by-accuracy interaction effects in precentral
gyrus, iFG, MFG, dmPFC, thalamus, precuneus, iPL, occipital cortex, PCC, postcentral
gyrus, and supramarginal gyrus.
AUDIT-by-CUDIT Interaction (Table A2)
There was a significant AUDIT-by-CUDIT interaction effect within ventromedial
prefrontal cortex. In individuals who endorsed alcohol use on the AUDIT (AUDIT>0),
there was a stronger positive relationship between CUDIT scores and average BOLD
response than those who did not endorse alcohol use [rAlc=0.40, rNoAlc=-0.11, Fisher’s rto-z=3.2, p<.05].
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Table A1. Brain regions demonstrating significant modulation by reward receipt
Coordinates of Peak Activationb
a
Region
Hemisphere
BA
x
y
z
F
Partial η2
Voxels
Frontal/Parietal/
Occipital
Cortices/Cerebellum
R/L
5
38
8
62.45
0.300
7101
Insula/iFG
R
47
32
20
-7
33.58
0.187
443
Insula/iFG
L
47
-31 20
-4
29.40
0.168
235
Precentral Gyrus
L
6
-28 -19
65
25.85
0.150
128
Ventral
Striatum/Thalamus
R/L
11
14
2
41.86
0.223
496
Lentiform
Nucleus/Thalamus
L
-7
-1
-7
20.22
0.122
83
Putamen
R
32
-16
6
16.41
0.101
54
Putamen
L
-28 -13
8
19.80
0.119
41
Lentiform Nucleus
L
-13 5
-10 32.25
0.181
28
iPL
R
40
59
-40
29
21.34
0.128
196
iPL
L
40
-52 -25
23
18.55
0.113
35
Supramarginal Gyrus
L
40
-55 -46
29
25.51
0.149
105
Occipital Cortex
R
18
32
-85
-7
14.98
0.093
26
Note: a According to the Talairach Daemon Atlas (http://www.nitrc.org/projects/tal-daemon/), b Based on
the Tournoux & Talairach standard brain template, BA= Brodmann’s Area
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Table A2. Brain regions demonstrating significant effects of Reinforcement, Accuracy, and Reinforcementby-Accuracy Interactions
Coordinates of Peak Activationb
Regiona
Hemisphere
BA
x
y
z
F
Partial η2
Voxels
Main Effect of Reinforcement
Contrast: Reward > Punishment
MFG
R
9
41
32
32
22.67
0.134
33
iPL
R
40
38
-46
50
25.22
0.147
176
iPL
L
40
-43 -37
38
18.84
0.114
43
Main Effect of Accuracy
Contrast: Unsuccessful > Successful
ACC/dmPFC
R/L
32
2
23
29
54.98 0.274
1321
Insula/iFG
R
13/47
32
17
-4
69.18 0.321
980
Insula/iFG
L
47
-31 20
-4
64.62 0.307
440
MFG
L
8
-25 38
38
30.39 0.172
202
Insula
R
13
38
-10
-1
28.95 0.165
51
SFG
R
11
17
59
-10 30.29 0.172
35
Thalamus
R/L
5
-22
8
30.00 0.170
76
Precuneus/iPL/Occipital
Cortex
R/L
40
-58 -40
29
39.06 0.211
2641
Supramarginal Gyrus
R
40
56
-46
23
49.82 0.254
991
Superior Temporal
Gyrus
L
22
-46 -25
-1
25.34 0.148
45
Contrast: Unsuccessful < Successful
Precentral Gyrus
L
4
-31 -22
65
21.14 0.126
135
Putamen
L
-22 5
-1
58.73 0.287
215
Putamen
R
26
8
5
43.84 0.231
172
Caudate
R
20
-4
26
22.47 0.133
28
Occipital Cortex
R
17/18
26
-94
-7
28.55 0.164
76
Cuneus
L
17/18
-22 -94
-1
19.29 0.117
41
Cerebellum
R
14
-43
-16 20.57 0.124
28
Reinforcement-by-Accuracy Interaction
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Contrast: Punishment(Unsuccessful-Successful) > Reward(Unsuccessful-Successful)
Precentral Gyrus
L
6
-37 2
29
43.60 0.230
277
iFG
R
9
41
5
29
54.22 0.271
264
MFG
R
6
29
5
53
33.85 0.188
77
MFG
L
6
-22 8
59
24.27 0.143
53
dmPFC
R/L
6/8
8
17
47
18.20 0.111
45
Thalamus
R/L
-4
-25
-1
25.27 0.148
26
Precuneus/iPL/Occipital
Cortex
R
18/19
35
-82
-4
81.64 0.359
1683
Precuneus/iPL/Occipital
Cortex
L
7
-25 -64
35
71.82 0.330
1145
PCC
R/L
31
5
-34
35
22.12 0.132
48
Contrast: Punishment(Unsuccessful-Successful) < Reward(Unsuccessful-Successful)
Postcentral Gyrus
L
40
-61 -22
23
21.54 0.129
55
iPL
R
40
56
-37
29
23.58 0.139
55
Occipital Cortex/Cuneus R/L
18
-13 -88
14
32.22 0.181
348
Supramarginal Gyrus
L
40
-55 -49
32
18.38 0.112
26
AUDIT-by-CUDIT
vmPFC
R/L
10
-10 62
-4
22.85 0.135
26
a
b
Note: According to the Talairach Daemon Atlas (http://www.nitrc.org/projects/tal-daemon/), Based on
the Tournoux & Talairach standard brain template, BA= Brodmann’s Area
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Appendix B: MID Task Supplemental Analyses
Supplemental Results: Multivariate Outliers Removed (Tables B1 and B2)
Mahalanobis distances (MD) were calculated for each participant in order to
assess the distance of each participant from the centroid of the sample distribution within
our variable space. The MD was calculated for each participant based on AUDIT and
CUDIT scores. We then calculated a p-value for each participant under a Χ2 distribution
to determine whether their MD value represents a multivariate outlier. Three participants
were identified as multivariate outliers using a significance threshold of p<.001. Two
participants were outliers with regard to both AUDIT and CUDIT score (AUDIT=29,
CUDIT=32; AUDIT=34, CUDIT=29), and one participant was an outlier with regard to
CUDIT score only (AUDIT=0, CUDIT=32). The analysis was then repeated without
these participants. The AFNI ClustSim program was used to establish a p=.05 corrected
threshold within the striatum/ACC/dmPFC mask (9 voxel clusters at an initial threshold
of p=.002). The AFNI ClustSim program was used to establish a p=.05 corrected
threshold (26 voxel clusters at initial threshold of p=.002) for a whole-brain analysis.
Unless otherwise noted, all reported regions exceed these thresholds.
BOLD Response Modulated by Reward Receipt (Table B1)
Main Effect of AUDIT: There was a significant main effect of AUDIT scores on
BOLD response modulated by reward value within bilateral ventral striatum (SVC). Both
of these clusters overlapped with significant clusters for this contrast in the main analysis.
In the whole-brain analysis, there was a significant main effect of AUDIT score on
BOLD response modulated by reward value within the cerebellum.
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Main Effect of CUDIT: There was a significant main effect of CUDIT scores on
BOLD response modulated by reward value within ACC and bilateral caudate (SVC).
Within the whole-brain analysis, was a significant main effect of CUDIT scores on
BOLD response modulated by reward value in two clusters within the cerebellum.

Unmodulated BOLD Response (Table B2)
AUDIT-by-Reinforcement: There was a significant AUDIT-by-Reinforcement
interaction effect in PCC and cerebellum. The PCC cluster overlapped with a significant
cluster for this contrast in the main analysis.
AUDIT-by-Accuracy: There were significant AUDIT-by-Accuracy interaction
effects in lingual gyrus and cuneus. These clusters overlapped with significant clusters
for this contrast in the main analysis.
CUDIT-by-Accuracy: There was a subthreshold CUDIT-by-Accuracy interaction
effect within the putamen; this cluster overlapped with a significant cluster for this
contrast in the main analysis. There were significant CUDIT-by-Accuracy interaction
effects within lingual gyrus and culmen. The lingual gyrus clusters overlapped with
significant clusters for this contrast in the main analysis.
AUDIT-by-CUDIT-by-Accuracy: There was a significant AUDIT-by-CUDIT-byAccuracy interaction effect within the cingulate gyrus.
CUDIT-by-Reinforcement-by-Accuracy: There was a significant CUDIT-byReinforcement-by-Accuracy interaction effect in the ACC (SVC). In the whole-brain
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analysis there was a significant interaction effect in PCC. The left ACC cluster
overlapped with a significant cluster for this contrast in the main analysis.
AUDIT-by-CUDIT-by-Reinforcement-by-Accuracy: There were significant fourway interactions within precentral gyrus and cerebellum.

Supplemental Results: Smokers Removed (Tables B3 and B4)
In order to verify that our results were not largely due to smoking, we re-ran the
analysis removing participants who endorsed current regular smoking (N=16), resulting
in a sample of N=134 participants. The AFNI ClustSim program was used to establish a
p=.05 corrected threshold within the striatum/ACC/dmPFC mask (9 voxel clusters at an
initial threshold of p=.002). The AFNI ClustSim program was used to establish a p=.05
corrected threshold (26 voxel clusters at initial threshold of p=.002) for a whole-brain
analysis. Unless otherwise noted, all reported regions exceed these thresholds.
Unless otherwise noted, all reported regions exceed these thresholds.
BOLD Response Modulated by Reward Receipt (Table B3)
Main Effect of AUDIT: There was a significant main effect of AUDIT scores on
BOLD response modulated by reward value within left ventral striatum (SVC). Both of
these clusters overlapped with significant clusters for this contrast in the main analysis.
AUDIT-by-CUDIT Interaction: There was a significant AUDIT-by-CUDIT
interaction effect on BOLD response modulated by reward value within the cuneus.
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Unmodulated BOLD Response (Table B4)
AUDIT-by-CUDIT: There was a significant AUDIT-by-CUDIT interaction effect
within ventromedial prefrontal cortex (vmPFC).
AUDIT-by-Reinforcement: There was a significant AUDIT-by-Reinforcement
interaction effect within PCC and superior temporal gyrus. The PCC cluster overlapped
with a significant cluster for this contrast within the main analysis.
CUDIT-by-Reinforcement: There was a significant CUDIT-by-Reinforcement
interaction effect within precuneus.
AUDIT-by-Accuracy: There was a significant AUDIT-by-Accuracy interaction
effect within lingual gyrus. This cluster overlapped with a significant cluster within the
main analysis.
CUDIT-by-Accuracy: There was a subthreshold CUDIT-by-Accuracy interaction
effect within the putamen; this cluster overlapped with a significant cluster for this
contrast in the main analysis. There were significant CUDIT-by-Accuracy interaction
effects within lingual gyrus. Both of these clusters overlapped with significant clusters
for this contrast within the main analysis.
AUDIT-by-CUDIT-by-Accuracy: There were significant AUDIT-by-CUDIT-byAccuracy interaction effects within MFG, precentral gyrus, dmPFC, occipital cortex,
fusiform gyrus, inferior temporal gyrus, and cerebellum.
CUDIT-by-Reinforcement-by-Accuracy: There was a significant CUDIT-byReinforcement-by-Accuracy interaction within the ACC (SVC), which overlapped with a
significant cluster for this contrast within the main analysis. In the whole-brain analysis,
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there was a significant CUDIT-by-Reinforcement-by-Accuracy interaction effect in
postcentral gyrus.
AUDIT-by-CUDIT-by-Reinforcement-by-Accuracy: There was a significant
AUDIT-by-CUDIT-by-Reinforcement-by-Accuracy interaction within the ACC/dmPFC
ROI, which overlapped with a significant cluster for this contrast within the main
analysis. In the whole-brain analysis, there were significant four-way interaction effects
within precentral gryus and cerebellum.

Supplemental Results: Accuracy Covariate (Tables B5 and B6)
Since AUDIT scores and CUDIT scores were related to performance on the MID
task, we re-ran this analysis with task accuracy as a covariate. The AFNI ClustSim
program was used to establish a p=.05 corrected threshold within the
striatum/ACC/dmPFC mask (9 voxel clusters at an initial threshold of p=.002). The
AFNI ClustSim program was used to establish a p=.05 corrected threshold (26 voxel
clusters at initial threshold of p=.002) for a whole-brain analysis. Unless otherwise noted,
all reported regions exceed these thresholds.
BOLD Response Modulated by Reward Receipt (Table B5)
Main Effect of AUDIT: There was a significant main effect of AUDIT scores on
BOLD response modulated by reward value within left ventral striatum (SVC). This
cluster overlapped with a significant cluster for this contrast in the main analysis.

Unmodulated BOLD Response (Table B6)
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AUDIT-by-Accuracy: There were significant AUDIT-by-Accuracy interaction
effects within lingual gyrus and cuneus. These clusters overlapped with significant
clusters for this contrast in the main analysis.
CUDIT-by-Accuracy: There was a significant CUDIT-by-Accuracy interaction
effect within the putamen (SVC), which overlapped with a significant cluster for this
contrast in the main analysis. In the whole-brain analysis, there were significant CUDITby-Accuracy interaction effects within MFG, precuneus, and lingual gyrus. The lingual
gyrus clusters overlapped with significant clusters for this contrast in the main analysis.
CUDIT-by-Reinforcement-by-Accuracy: There was a significant CUDIT-byReinforcement-by-Accuracy interaction effect within the ACC (SVC) which overlapped
with a significant cluster for this contrast in the main analysis.

Supplemental Results: Gender as a Covariate (Tables B7 and B8)
Since there is evidence that alcohol and cannabis may differentially affect males
versus females, the analysis was then repeated with gender as a covariate. The AFNI
ClustSim program was used to establish a p=.05 corrected threshold within the
striatum/ACC/dmPFC mask (9 voxel clusters at an initial threshold of p=.002). The
AFNI ClustSim program was used to establish a p=.05 corrected threshold (26 voxel
clusters at initial threshold of p=.002) for a whole-brain analysis. Unless otherwise noted,
all reported regions exceed these thresholds.
BOLD Response Modulated by Reward Receipt (Table B7)
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Main Effect of AUDIT: There was a significant main effect of AUDIT scores on
BOLD response modulated by reward value within left ventral striatum (SVC). This
cluster overlapped with a significant cluster for this contrast in the main analysis.

Unmodulated BOLD Response (Table B8)
AUDIT-by-Accuracy: There were significant AUDIT-by-Accuracy interaction
effects within cuneus. These clusters overlapped with significant clusters for this contrast
in the main analysis.
CUDIT-by-Accuracy: There was a significant CUDIT-by-Accuracy interaction
effect within the putamen (SVC), which overlapped with a significant cluster for this
contrast in the main analysis. In the whole-brain analysis, there were significant CUDITby-Accuracy interaction effects within lingual gyrus and cerebellum. The lingual gyrus
clusters overlapped with significant clusters for this contrast in the main analysis.
CUDIT-by-Reinforcement-by-Accuracy: There was a significant CUDIT-byReinforcement-by-Accuracy interaction effects within the ACC (SVC). In the wholebrain analysis, there was a significant CUDIT-by-Reinforcement-by-Accuracy interaction
effect within PCC. The ACC cluster overlapped with a significant cluster for this contrast
in the main analysis.
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Table B1. Brain regions demonstrating significant effects of AUDIT scores and CUDIT scores
on BOLD Response Modulation by Reward Value after removal of multivariate outliers
Coordinates of Peak Activationb
Regiona
Hemisphere
BA
x
y
z
F
Voxels
Main Effect of AUDIT Score
Ventral Striatumc
L
-10 14
-4
20.80 20
c
Ventral Striatum
R
11
8
-1
20.26 12
Cerebellum
L
-16 -76
-28 20.15 34
Main Effect of CUDIT Score
ACCc
R
24
8
-1
29
26.71 13
c
Caudate
L
-13 14
-7
21.27 12
Caudatec
R
8
14
2
16.19 9
Cerebellum
L
-19 -76
-28 20.72 30
Cerebellum
R/L
-1
-76
-28 18.32 26
a
Note: According to the Talairach Daemon Atlas (http://www.nitrc.org/projects/tal-daemon/), b Based on
the Tournoux & Talairach standard brain template, cSignificant at SVC threshold, BA= Brodmann’s Area
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Table B2. Brain regions demonstrating significant AUDIT-by-Reinforcement, AUDIT-byaccuracy, CUDIT-by-accuracy, AUDIT-by-CUDIT-by-Accuracy, CUDIT-by-Reinforcementby-Accuracy, and AUDIT-by-CUDIT-by-Reinforcement-by-Accuracy interaction effects on
unmodulated BOLD responses after removal of multivariate outliers
Coordinates of Peak Activationb
Regiona
Hemisphere
BA
x
y
z
F
Voxels
AUDIT-by-Reinforcement
PCC
R/L
31
8
-46
35
19.02 51
Cerebellum
R
14
-73
-22 20.26 26
AUDIT-by-Accuracy
Lingual Gyrus
R
19
26
-67
-4
21.62 76
Cuneus
L
30
-10 -67
8
16.58 39
AUDIT-by-CUDIT-by-Accuracy
Cingulate Gyrusc
L
24
-13 2
29
19.54 13
CUDIT-by-Accuracy
Putamend
R
23
-4
5
13.42 6
Lingual Gyrus
R
18
11
-70
-4
19.55 68
Lingual Gyrus
L
18
-13 -67
5
15.87 43
Culmen
R
8
-55
-7
18.65 26
CUDIT-by-Reinforcement-by-Accuracy
ACC/dmPFCc
L
32
-16 17
35
23.01 16
ACC/dmPFCc
R
32
14
17
29
15.84 10
PCC
L
31
-10 -28
32
24.41 26
AUDIT-by-CUDIT-by-Reinforcement-by-Accuracy
Precentral Gyrus
L
13
-46 8
8
17.94 26
Cerebellum
L
-43 -43
-28 21.16 45
Note: a According to the Talairach Daemon Atlas (http://www.nitrc.org/projects/tal-daemon/), b Based on
the Tournoux & Talairach standard brain template, cSignificant at SVC threshold, dBelow the ClustSim
generated threshold, BA= Brodmann’s Area
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Table B3. Brain regions demonstrating significant effects of AUDIT scores and AUDIT-byCUDIT interactions on BOLD Response Modulation by Reward Value after removal of smokers
Coordinates of Peak Activationb
Regiona
Hemisphere
BA
x
y
z
F
Voxels
Main Effect of AUDIT Score
Ventral Striatumc
L
-16 14
-4
17.80 23
AUDIT-by-CUDIT Interaction Effect
Cuneus
R
17
20
-76
14
18.31 28
a
Note: According to the Talairach Daemon Atlas (http://www.nitrc.org/projects/tal-daemon/), b Based on
the Tournoux & Talairach standard brain template, cSignificant at SVC threshold, BA= Brodmann’s Area
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Table B4. Brain regions demonstrating significant AUDIT-by-CUDIT, AUDIT-byreinforcement, CUDIT-by-accuracy, AUDIT-by-CUDIT-by-accuracy, CUDIT-byreinforcement-by-accuracy, and AUDIT-by-CUDIT-by-reinforcement-by-accuracy interaction
effects on unmodulated BOLD responses after removal of smokers
Coordinates of Peak Activationb
Regiona
Hemisphere
BA
x
y
z
F
Voxels
AUDIT-by-CUDIT
vmPFC
L
10
-10 62
-1
28.74 47
AUDIT-by-Reinforcement
PCC
R/L
31
8
-46
35
20.69 130
Superior Temporal
Gyrus
L
39
-49 -55
11
22.56 33
CUDIT-by-Reinforcement
Precuneus
L
7
-4
-67
29
15.84 34
AUDIT-by-Accuracy
Lingual Gyrus
R
19
26
-67
-4
19.27 34
CUDIT-by-Accuracy
d
Putamen
R
23
-4
8
12.80 6
Lingual Gyrus
R
18
11
-70
-4
19.32 102
Lingual Gyrus
L
18
-13 -70
2
15.37 35
AUDIT-by-CUDIT-by-Accuracy
MFG
L
9
-37 17
32
22.08 43
Precentral Gyrus
L
6
-43 -7
53
25.49 35
dmPFC
R/L
6
-1
14
59
20.50 34
Occipital Cortex
R
18
35
-88
-13 28.82 100
Fusiform Gyrus
L
18
-22 -94
-13 29.84 97
Inferior Temporal Gyrus R
20
56
-25
-22 32.14 39
Cerebellum
L
-52 -53
-37 24.09 30
CUDIT-by-Reinforcement-by-Accuracy
ACC/dmPFCc
L
32
-13 17
32
19.72 12
Postcentral Gyrus
L
2
-46 -25
35
19.98 48
AUDIT-by-CUDIT-by-Reinforcement-by-Accuracy
Precentral Gyrus
L
6
-52 2
11
17.36 29
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Cerebellum
L
-40 -64
-34 16.55 26
a
Note: According to the Talairach Daemon Atlas (http://www.nitrc.org/projects/tal-daemon/), b Based on
the Tournoux & Talairach standard brain template, cSignificant at SVC threshold, dBelow the ClustSim
generated threshold, BA= Brodmann’s Area
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Table B5. Brain regions demonstrating significant effects of AUDIT scores on BOLD Response
Modulation by Reward Value with task accuracy as a covariate
Coordinates of Peak Activationb
Regiona
Hemisphere
BA
x
y
z
F
Voxels
Main Effect of AUDIT Score
Ventral Striatum*c
L
-16 14
-4
19.30 26
a
Note: According to the Talairach Daemon Atlas (http://www.nitrc.org/projects/tal-daemon/), b Based on
the Tournoux & Talairach standard brain template, cSignificant at SVC threshold, *overlaps with significant
clusters identified in the main analysis, BA= Brodmann’s Area
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Table B6. Brain regions demonstrating significant CUDIT-by-accuracy, AUDIT-by-CUDIT-byaccuracy, and CUDIT-by-reinforcement-by-accuracy interaction effects on unmodulated BOLD
responses with task accuracy as a covariate
Coordinates of Peak Activationb
a
Region
Hemisphere
BA
x
y
z
F
Voxels
AUDIT-by-Accuracy
Lingual Gyrus*
R
19
26
-67
-4
20.32 90
Cuneus*
L
18/30
-10 -64
8
16.57 38
CUDIT-by-Accuracy
Putamen*c
R
23
-4
8
14.42 12
MFG
R
10/46
41
47
20
20.97 33
Precuneus
R
7
11
-67
44
16.98 46
Lingual Gyrus*
R
18
11
-70
-4
21.04 134
Lingual Gyrus*
L
18
-10 -67
5
15.95 49
CUDIT-by-Reinforcement-by-Accuracy
ACC/dmPFC*c
L
32
-13 17
32
22.84 17
a
Note: According to the Talairach Daemon Atlas (http://www.nitrc.org/projects/tal-daemon/), b Based on
the Tournoux & Talairach standard brain template, cSignificant at SVC threshold, *overlaps with significant
clusters identified in the main analysis, BA= Brodmann’s Area
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Table B7. Brain regions demonstrating significant effects of AUDIT scores on BOLD Response
Modulation by Reward Value with gender as a covariate
Coordinates of Peak Activationb
Regiona
Hemisphere
BA
x
y
z
F
Voxels
Main Effect of AUDIT Score
Ventral Striatum*c
L
-16 14
-4
17.10 15
a
Note: According to the Talairach Daemon Atlas (http://www.nitrc.org/projects/tal-daemon/), b Based on
the Tournoux & Talairach standard brain template, cSignificant at SVC threshold, *overlaps with significant
clusters identified in the main analysis, BA= Brodmann’s Area
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Table B8. Brain regions demonstrating significant CUDIT-by-accuracy, AUDIT-by-CUDIT-byaccuracy, and CUDIT-by-reinforcement-by-accuracy interaction effects on unmodulated BOLD
responses with gender as a covariate
Coordinates of Peak Activationb
a
Region
Hemisphere
BA
x
y
z
F
Voxels
AUDIT-by-Accuracy
Cuneus*
R
19
17
-67
14
18.43 62
Cuneus*
L
18/30
-10 -64
8
16.87 38
CUDIT-by-Accuracy
Putamen*c
R
23
-4
8
14.48 10
Lingual Gyrus*
R
18
11
-70
-4
19.79 106
Lingual Gyrus*
L
18
-10 -67
5
15.57 45
Cerebellum
L
-19 -55
-34 22.91 27
CUDIT-by-Reinforcement-by-Accuracy
ACC/dmPFC*c
L
32
-13 17
35
22.96 17
ACC/dmPFC*c
R
32
14
20
32
15.77 12
a
Note: According to the Talairach Daemon Atlas (http://www.nitrc.org/projects/tal-daemon/), b Based on
the Tournoux & Talairach standard brain template, cSignificant at SVC threshold, *overlaps with significant
clusters identified in the main analysis, BA= Brodmann’s Area
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Appendix C: Affective Stroop Task Main Effects
The AFNI ClustSim program was used to establish a p=.05 corrected threshold
(19 voxel clusters at initial threshold of p=.001) for a whole-brain analysis. All reported
regions in the whole-brain analysis exceed this threshold.
Main Effect of AUDIT Score
No brain regions survived correction for multiple comparisons.
Main Effect of CUDIT Score
No brain regions survived correction for multiple comparisons.
Main Effect of Emotion
There was a main effect of emotion in dorsolateral prefrontal cortex (dlPFC),
inferior frontal gyrus (iFG), precentral gyrus, inferior parietal lobule (iPL), precuneus,
parahippocampal gyrus (PHG), superior temporal gyrus (STG), middle temporal gyrus
(MTG), fusiform gyrus, amygdala, and cerebellum. For further details, including all
contrasts significant at p<0.05, see Table C1.
Main Effect of Task Condition
There was a main effect of task condition in cerebellum, visual, parietal, frontal,
insular, and motor cortices, medial prefrontal cortex (mPFC), dlPFC, iFG, precentral
gyrus, supplementary motor area (SMA), iPL, posterior cingulate cortex (PCC), angular
gyrus, inferior temporal gyrus (iTG), MTG, PHG, and amygdala. For further details,
including all contrasts significant at p<0.05, see Table C1 and Figure C1.
AUDIT by CUDIT Score Interaction Effect
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No brain regions survived correction for multiple comparisons.
AUDIT by Emotion Interaction Effect
No brain regions survived correction for multiple comparisons.
CUDIT by Emotion Interaction Effect
No brain regions survived correction for multiple comparisons.
AUDIT by CUDIT by Emotion Interaction Effect
No brain regions survived correction for multiple comparisons.
AUDIT by CUDIT by Task Condition Interaction Effect
No brain regions survived correction for multiple comparisons.
Emotion by Task Condition Interaction Effect
There were emotion by task condition interaction effects in lentiform
nucleus/putamen, anterior cingulate/ventromedial prefrontal cortex (ACC/vmPFC),
dorsolateral prefrontal cortex, and cingulate gyrus. In the lentiform nucleus/putamen
cluster, there was increased activity for task relative to view trials for negative and
neutral stimuli [all t's>3.13, all p's<0.01]. Additionally, there was increased activity for
congruent relative to incongruent trials for negative stimuli [t(81)=3.24, p<0.05]. There
was increased activity for incongruent relative to congruent and view trials for positive
stimuli [t(81)=2.10 and 3.09, respectively; both p's<0.05]. In the ACC/vmPFC cluster,
there was decreased activity for incongruent relative to view and congruent trials for
negative stimuli [t(81)=-5.98 and -3.83, respectively; both p's<0.001]. For neutral and
positive stimuli, there was decreased activity for task relative to view trials [t's<-2.34; all
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p's<0.05]. For positive stimuli, there was increased activity for incongruent relative to
congruent trials [t=2.12, p<.05]. In the dlPFC cluster, there was increased activity for task
relative to view trials for negative and neutral stimuli [all t's>2.18, all p's<0.05].
Furthermore, for positive stimuli, there was increased BOLD response for incongruent
relative to view trials [t(81)=2.34, p<0.05]. In the cingulate gyrus cluster, there was
increased activity for task relative to view trials for all stimuli [all t's>4.58, all p's<0.001].
Additionally, there was increased activity for incongruent relative to congruent trials for
positive stimuli [t(81)=2.16, p<0.05]. For more details, see Table C1.
AUDIT by Emotion by Task condition Interaction Effect
No brain regions survived correction for multiple comparisons.
CUDIT by Emotion by Task Condition Interaction Effect
No brain regions survived correction for multiple comparisons.
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Table C1. Brain Regions demonstrating significant Main Effects of Emotion, Main Effects of Task
Condition, Emotion by Task Condition Interaction Effects
Coordinates of Peak Activationb
Regiona
Hemisphere BA
x
y
z
F
Partial η2 Voxels
Main Effect of Emotion
Significant Contrasts: Negative > Positive > Neutral
Fusiform Gyrus
R
37
41 -43 -16 70.06
0.473
1092
Fusiform Gyrus
L
20
-37 -40 -16 64.64
0.453
993
Uncus
R
21
35 -4 -28 16.72
0.177
22
Amygdala
R
20 -1 -16 16.45
0.174
21
Significant Contrasts: Negative > Neutral = Positive
iFG
L
47
-31 29 -10 16.45
0.174
22
iFG
R
46
50 29 17 15.49
0.166
19
Significant Contrasts: Positive = Neutral > Negative
dlPFC
R
10
35 56 5
12.24
0.136
24
iPL
R
40
56 -34 44 17.14
0.180
151
iPL
L
40
-55 -31 44 14.23
0.154
30
Superior Temporal Gyrus
L
41
-58 -25 11 13.43
0.147
22
Significant Contrasts: Neutral > Positive = Negative
Precuneus
L
7
-13 -61 50 10.81
0.122
21
Parahippocampal Gyrus
R
19
29 -43 -4 23.19
0.229
43
Significant Contrasts: Neutral > Positive > Negative
aIC/Precentral Gyrus/iFG
R
13
47 11 2
16.69
0.176
42
Parahippocampal Gyrus
L
36
-25 -43 -7 27.55
0.261
48
Superior Temporal Gyrus
R
22
62 -13 5
16.52
0.175
55
Superior Temporal Gyrus
L
22
-55 -7 8
14.80
0.159
49
Main Effect of Task Condition
Significant Contrasts: Incongruent = Congruent > View
Cerebellum/Visual/Parietal/Motor/
R/L
-10 -22 5
139.88 0.642
14601
Insular/Frontal Cortex
dlPFC
R
10
35 38 20 29.96
0.250
260
Cingulate Gyrus
R
23
5
-28 26 35.63
0.314
140
Significant Contrasts: View > Incongruent = Congruent
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Medial Prefrontal Cortex
R/L
24
-4 23 -4 26.62
0.254
904
iFG
R
46
53 32 11 26.30
0.252
97
iFG
R
47
26 29 -4 13.08
0.144
19
Supplementary Motor Area
R/L
6
5
-25 59 19.13
0.197
115
Precentral Gyrus
R
4
29 -25 50 22.15
0.221
83
Precentral Gyrus
L
6
-43 -13 35 15.77
0.168
26
PCC
L
29
-7 -49 11 12.38
0.137
22
PCC
L
31
-10 -40 35 15.81
0.169
44
iPL
R
39
50 -61 41 16.20
0.172
86
Angular Gyrus
L
39
-49 -64 32 25.09
0.243
233
Middle Temporal Gyrus
L
21
-61 -37 2
14.41
0.156
35
Middle Temporal Gyrus
R
21
59 -37 -1 15.77
0.168
34
Middle Temporal Gyrus
R
21
53 -1 -13 15.27
0.164
34
Inferior Temporal Gyrus
L
21
-55 -13 -16 19.12
0.197
117
Significant Contrasts: View > Congruent > Incongruent
iFG
L
45
-49 29 8
44.41
0.363
262
Parahippocampal Gyrus/Amygdala L
36
-31 -28 -13 28.64
0.269
127
Parahippocampal Gyrus/Amygdala R
20 -10 -16 18.36
0.191
37
Emotion by Task Condition
Lentiform Nucleus/Putamen
R
20 11 -7 9.41
0.108
22
ACC/vmPFC
R/L
24
5
32 -1 6.94
0.082
20
dlPFC
R
9
26 32 32 6.55
0.078
23
Cingulate Gyrus
R/L
24
-1 -1 41 6.98
0.082
20
Note: a According to the Talairach Daemon Atlas (http://www.nitrc.org/projects/tal-daemon/), b Based on
the Tournoux & Talairach standard brain template, BA= Brodmann’s Area
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Appendix D: Affective Stroop Task Supplemental Analyses
Supplemental Results: Age Covariate (Table D1)
Since age was significantly related to AUDIT score within this sample, the
analysis was repeated with age as a covariate. The AFNI ClustSim program was used to
establish a p=.05 corrected threshold (5 voxel clusters at initial threshold of p=.02) for the
amygdala. All reported regions in the amygdala ROI exceed this threshold. The AFNI
ClustSim program was used to establish a p=.05 corrected threshold (19 voxel clusters at
initial threshold of p=.001) for a whole-brain analysis. All reported regions in the wholebrain analysis exceed this threshold.
Amygdala ROI:
There was a significant AUDIT by emotion interaction effect in the right
amygdala (k=5 voxels) and a significant AUDIT by CUDIT by emotion by task condition
interaction effect in the left amygdala (k=10 voxels). Both of these clusters were
overlapped with clusters that were significant for the amygdala ROI analysis in the main
analysis.
AUDIT by Task Condition Interaction Effect
There were significant AUDIT by task condition interaction effects in the dlPFC,
superior frontal gyrus (SFG), anterior cingulate cortex/dorsomedial prefrontal cortex
(ACC/dmPFC), PCC, precuneus, iPL, MTG, and STG. Of these clusters, the dlPFC,
ACC/dmPFC, PCC, precuneus, iPL, and MTG clusters overlapped with significant
clusters for this contrast in the main analysis.
CUDIT by Task Condition Interaction Effects
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There were significant CUDIT by task condition interaction effects in the PCC,
precuneus, MTG, STG, and culmen. All clusters overlapped with significant clusters for
this contrast in the main analysis.
AUDIT by CUDIT by Emotion by Task Condition
There was a significant cluster in inferior frontal gyrus (iFG). The iFG cluster
overlapped with the significant iFG cluster for this contrast in the main analysis.

Supplemental Results: Multivariate Outliers Removed (Table D2)
Mahalanobis distances (MD) were calculated for each participant in order to
calculate how many standard deviations each participant is away from the mean of our
sample distribution within our variable space. We calculated the MD for each participant
on AUDIT scores and CUDIT scores. We then calculated a p-value for each participant
under a chi-square distribution to determine whether their MD value represents a
multivariate outlier. Four participants were identified as multivariate outliers using a
significance threshold of p<.001; therefore, the analysis was repeated without these
participants in the sample. The AFNI ClustSim program was used to establish a p=.05
corrected threshold (5 voxel clusters at initial threshold of p=.02) for the amygdala. All
reported regions in the amygdala ROI exceed this threshold. The AFNI ClustSim
program was used to establish a p=.05 corrected threshold (19 voxel clusters at initial
threshold of p=.001) for a whole-brain analysis. All reported regions in the whole-brain
analysis exceed this threshold.
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Amygdala ROI:
There was a significant AUDIT by emotion interaction effect in the right
amygdala (k=6 voxels). This cluster overlapped with the AUDIT-by-emotion cluster that
was in the main analysis.
AUDIT by Task Condition Interaction Effect
There were significant AUDIT by task condition interaction effects in dlPFC,
MFG, ACC, dmPFC, PCC, precuneus, iPL, postcentral gyrus, supramarginal gyrus, and
cerebellum. All clusters (except postcentral gyrus) overlapped with significant clusters
for this contrast in the main analysis.
CUDIT by Task Condition Interaction Effect
There were significant CUDIT by task condition interaction effects in PCC,
precuneus, iPL, precentral gyrus, and cerebellum. All clusters (except precentral gyrus)
overlapped with significant clusters for this contrast in the main analysis.
CUDIT by Emotion by Task Condition Interaction Effect
There was a significant CUDIT by emotion by task condition interaction effect in
the right superior parietal lobule (SPL). This cluster did not overlap with any significant
clusters for this contrast in the main analysis.
AUDIT by CUDIT by Emotion by Task Interaction Effect
There was a significant AUDIT by CUDIT by emotion by task condition
interaction effect in the cuneus. This cluster did not overlap with any significant clusters
for this contrast in the main analysis.
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CUDIT by Emotion Interaction Effect
There was a CUDIT by emotion interaction effect in the lentiform
nucleus/putamen. This cluster did not overlap with any significant clusters for this
contrast in the main analysis.
AUDIT by CUDIT by Emotion Interaction Effect
There was an AUDIT-by-CUDIT-by-Emotion interaction effect in the dlPFC,
middle frontal gyrus (MFG), ventromedial prefrontal cortex (vmPFC), STG, MTG, and
fusiform gyrus. These clusters did not overlap with any significant clusters for this
contrast in the main analysis.

Supplemental Results: Gender (Table D3)
Since alcohol and cannabis may differentially affect males versus females, the
main analysis was repeated with gender added as a between-subjects variable. The AFNI
ClustSim program was used to establish a p=.05 corrected threshold (5 voxel clusters at
initial threshold of p=.02) for the amygdala. All reported regions in the amygdala ROI
exceed this threshold. The AFNI ClustSim program was used to establish a p=.05
corrected threshold (19 voxel clusters at initial threshold of p=.001) for a whole-brain
analysis. All reported regions in the whole-brain analysis exceed this threshold.
Amygdala ROI:
There was a significant AUDIT by emotion interaction effect in the right
amygdala (k=6 voxels). This cluster overlapped with the AUDIT-by-emotion cluster that
was in the main analysis. There was a significant AUDIT-by-CUDIT-by-emotion-by-task
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condition interaction in the left amygdala (k=9 voxels). This cluster overlapped with the
AUDIT-by-CUDIT-by-emotion-by-task condition interaction in the main analysis.
AUDIT by Task Condition Interaction Effect
There were significant AUDIT-by-task condition interaction effects in the dlPFC,
iFG, ACC, dmPFC, SMA, PCC, precuneus, iPL, postcentral gyrus, supramarginal gyrus,
and cerebellum. All but one cluster (SMA) overlapped with clusters for this contrast in
the main analysis.
CUDIT by Task Condition Interaction Effect
There were significant CUDIT-by-task condition interaction effects in PCC, iPL,
MTG, and culmen. All clusters overlapped with clusters for this contrast in the main
analysis.
AUDIT by CUDIT by Emotion by Task Interaction Effect
There was a significant AUDIT-by-CUDIT-by-emotion-by-task condition
interaction effect in the iFG. This cluster overlapped with the iFG cluster for this contrast
in the main analysis.
CUDIT by Emotion Interaction Effect
There were CUDIT-by-emotion interaction effects in the putamen and
cerebellum. These clusters did not overlap with any clusters in the main analysis.

Supplemental Results: Non-Smokers (Table D4)
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To rule out the possibility that our results were related to smoking, the analysis
was repeated with participants who endorsed current regular smoking excluded from the
sample (N=10, resulting in a non-smoking sample size of N=72). The AFNI ClustSim
program was used to establish a p=.05 corrected threshold (5 voxel clusters at initial
threshold of p=.02) for the amygdala. All reported regions in the amygdala ROI exceed
this threshold. The AFNI ClustSim program was used to establish a p=.05 corrected
threshold (19 voxel clusters at initial threshold of p=.001) for a whole-brain analysis. All
reported regions in the whole-brain analysis exceed this threshold.
Amygdala ROI:
There was a significant AUDIT-by-CUDIT-by-emotion-by-task interaction in the
left amygdala (k=23 voxels). This cluster overlapped with the cluster found for this
contrast in the main analysis.
AUDIT by Task Condition Interaction Effect
There were significant AUDIT-by-task condition interaction effects in the dlPFC,
MFG, ACC, PCC, precuneus, MTG, PHG, and culmen. All clusters overlapped with
clusters found for this contrast in the main analysis.
CUDIT by Task Condition Interaction Effect
There were significant CUDIT-by-task condition interaction effects in PCC,
parahippocampal gyrus, and culmen. The PCC and culmen clusters overlapped with
clusters fround for this contrast in the main analysis.
AUDIT by CUDIT by Emotion by Task Interaction Effect
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There was a significant AUDIT-by-CUDIT-by-emotion-by-task condition
interaction effect in dlPFC, MFG, iFG, precentral gyrus, STG, PHG, and cerebellum. No
clusters overlapped with the cluster for this contrast in the main analysis.

Supplemental Results: Substance Users Only (Table D5)
In order to rule out the possibility that over-representation of 0 for AUDIT and
CUDIT scores biased our results, we re-ran the ANCOVA analysis in individuals
reported alcohol and/or cannabis use only. Since there were only 49 participants at this
sample, we used an initial threshold of p=.05 for the amygdala ROI analysis and p=.002
for the whole-brain analysis. The AFNI ClustSim program was used to establish a p=.05
corrected threshold (9 voxel clusters at initial threshold of p=.05) for the amygdala. All
reported regions in the amygdala ROI exceed this threshold. The AFNI ClustSim
program was used to establish a p=.05 corrected threshold (27 voxel clusters at initial
threshold of p=.002) for a whole-brain analysis. All reported regions in the whole-brain
analysis exceed this threshold.
Amygdala ROI:
There was a significant AUDIT-by-emotion interaction in the right amygdala
(k=15 voxels). There was a significant AUDIT-by-CUDIT-by-emotion-by-task condition
interaction in the left amygdala (k=17 voxels). Both clusters overlapped with clusters
found for these contrasts in the main analysis.
AUDIT by Task Condition Interaction Effect
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There were significant AUDIT-by-task condition interaction effects in dlPFC,
ACC, anterior insula cortex (aIC), PCC, precuneus, iPL, STG, occipital cortex, and
cerebellum. The clusters within dlPFC, ACC, PCC, precuneus, iPL, dlPFC, ACC, PCC,
precuneus, iPL, and cerebellum overlapped with clusters found for this contrast in the
main analysis.
CUDIT by Task Condition Interaction Effect
There was a significant CUDIT-by-task condition interaction effect in precuneus.
This cluster overlapped with a cluster found for this contrast in the main analysis.

Supplemental Results: RT Included in the Model (Table D6)
To see whether reaction time (RT) explained some of the variance in ACC and
dmPFC responses during the aST, the main analysis was repeated with average RT as a
covariate. The AFNI ClustSim program was used to establish a p=.05 corrected threshold
(5 voxel clusters at initial threshold of p=.02) for the amygdala. All reported regions in
the amygdala ROI exceed this threshold. The AFNI ClustSim program was used to
establish a p=.05 corrected threshold (19 voxel clusters at initial threshold of p=.001) for
a whole-brain analysis. Unless otherwise noted, all reported regions in the whole-brain
analysis exceed this threshold.
Amygdala ROI:
There was a significant AUDIT-by-emotion interaction in the right amygdala (k=5
voxels). There was a significant AUDIT-by-CUDIT-by-emotion-by-task condition
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interaction in the left amygdala (k=9 voxels). Both clusters overlapped with clusters
found for these contrasts in the main analysis.
AUDIT by Task Condition Interaction Effect
There were significant AUDIT-by-task condition effects in dlPFC, MFG, iFG,
ACC, dmPFC,PCC, precuneus, iPL, postcentral gyrus, MTG, supramarginal gyrus, PHG,
and cerebellum. All clusters overlapped with clusters found for this contrast in the main
analysis.
CUDIT by Task Condition Interaction Effect
There were significant CUDIT-by-task condition effects in PCC, precuneus, iPL,
MTG, and culmen,. All clusters overlapped with clusters found for this contrast in the
main analysis.
RT by Task Condition Interaction Effect
There were no regions that survived comparisons for multiple corrections in this
contrast; however, there were two subthreshold clusters within aIC/iFG and dmPFC.
AUDIT by CUDIT by Emotion by Task Interaction Effect
There was a significant AUDIT-by-CUDIT-by-emotion-by-task condition
interaction effect in the iFG. This cluster overlapped with the iFG cluster for this contrast
in the main analysis.
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Table D1. Brain Regions demonstrating significant Interaction Effects Covarying for Age
Coordinates of Peak Activationb
a
Region
Hemisphere BA
x
y
z
F
Partial η2
AUDIT x Task Condition
dlPFC*
R
8
29 35 44 18.93
0.197
dlPFC
R
9
32 44 29 13.88
0.153
dlPFC*
L
10
-34 47 20 13.76
0.152
dlPFC
L
8
-19 38 47 14.49
0.158
MFG*
R
6
20 20 56 14.30
0.157
iFG/dlPFC*
R
9
53 5
29 10.90
0.124
ACC/dmPFC*
R/L
6/32 2
11 44 15.17
0.165
dmPFC
R/L
6
8
-1 62 12.74
0.142
dmPFC
L
6
-4 -7 56 14.77
0.161
Precuneus/PCC*
R/L
7/31 11 -67 29 25.40
0.248
iPL*
R
40
32 -49 41 16.11
0.173
iPL*
R
13
50 -43 23 14.03
0.154
Postcentral Gyrus*
R
41
53 -19 14 12.68
0.141
MTG*
R
19
44 -61 11 17.27
0.183
Supramarginal Gyrus*
R
40
53 -37 35 16.16
0.173
Parahippocampal Gyrus*
L
27
-25 -34 -1 18.28
0.192
Culmen
L
-34 -58 -25 11.47
0.130
CUDIT x Task Condition
PCC*
R/L
31
11 -52 26 14.67
0.160
Precuneus*
R
31
14 -70 29 11.88
0.134
Precuneus*
L
31
-16 -67 26 12.51
0.140
iPL*
R
39
35 -58 38 12.17
0.137
MTG*
R
39
50 -67 26 11.22
0.127
MTG*
R
19
44 -61 11 12.63
0.141
Culmen*
L
-7 -61 -7 13.14
0.146
Pyramis*
L
-31 -67 -34 12.84
0.143

Voxels
130
49
33
29
31
22
60
22
19
1759
46
29
33
86
24
29
27
80
27
26
25
26
23
36
21
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AUDIT x CUDIT x Emotion x Task Condition
iFG*
L
9
-40 5
29 7.17
0.085
40
Note: a According to the Talairach Daemon Atlas (http://www.nitrc.org/projects/tal-daemon/), b Based on
the Tournoux & Talairach standard brain template, * Denotes regions that overlap with and/or are proximal to
clusters found in the main analysis, BA= Brodmann’s Area
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Table D2. Brain Regions demonstrating significant Interaction Effects After Removing Multivariate Outliers
Coordinates of Peak Activationb
a
Region
Hemisphere BA
x
y
z
F
Partial η2 Voxels
AUDIT x Task Condition
dlPFC*
R
8
29 35 44 13.23 0.152
32
dlPFC
L
8/9
-22 50 35 13.38 0.153
26
MFG*
R
6
20 20 56 12.69 0.146
23
iFG/dlPFC*
R
6
53 2
32 14.44 0.163
52
ACC/dmPFC*
R/L
6/32
-1 11 44 17.37 0.190
150
dmPFC
R
6
8
2
53 13.79 0.157
25
Precuneus/PCC*
R/L
7/31
11 -67 32 21.70 0.227
1332
Precuneus*
R
7
8
-46 56 13.77 0.157
37
Postcentral Gyrus
R
2/3
41 -31 59 17.87 0.195
146
Postcentral Gyrus*
R
41
50 -19 14 11.53 0.135
19
MTG*
R
19
44 -61 11 18.92 0.204
94
STG*
R
13
53 -43 20 14.04 0.159
21
CUDIT x Task Condition
Precentral Gyrus
R
6
50 -13 32 11.19 0.131
22
Precuneus/PCC*
R/L
31
11 -55 26 22.42 0.233
323
MTG*
R
19
44 -61 11 14.90 0.168
49
Parahippocampal Gyrus
L
35
-19 -31 -7 20.59 0.218
28
Cerebellum*
L
-31 -64 -34 18.32 0.198
125
Culmen*
L
-1 -58 -4 17.54 0.192
106
CUDIT x Emotion x Task Condition
Superior Parietal Lobule
R
7
41 -55 50 7.28
0.090
30
AUDIT x CUDIT x Emotion x Task Condition
Cuneus
L
17
-4 -76 14 6.36
0.079
25
CUDIT x Emotion
Lentiform Nucleus/Putamen
R
26 8
2
15.27 0.171
37
AUDIT x CUDIT x Emotion
dlPFC
L
10
-25 62 8
20.49 0.217
38
MFG
L
6/8
-28 11 41 17.20 0.189
76
vmPFC
R/L
11/12 0
38 -12 18.71 0.202
43
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STG
L
39
-55 -58 20 16.20 0.180
49
MTG
L
22
-61 -40 5
15.98 0.178
29
Fusiform Gyrus
L
20
-37 -37 -16 19.38 0.208
19
a
b
Note: According to the Talairach Daemon Atlas (http://www.nitrc.org/projects/tal-daemon/), Based on
the Tournoux & Talairach standard brain template, * Denotes regions that overlap with and/or are proximal to
clusters found in the main analysis, BA= Brodmann’s Area
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Table D3. Brain Regions demonstrating significant Interaction Effects After Controlling for Gender
Coordinates of Peak Activationb
a
Region
Hemisphere BA
x
y
z
F
Partial η2 Voxels
AUDIT x Task Condition
dlPFC*
R
8
29 35 44 16.41 0.176
65
iFG*
R
44
53 5
23 10.15 0.116
19
ACC/dmPFC*
R/L
6/32
2
11 44 13.28 0.147
54
SMA
R/L
6
-4 -7 56 14.29 0.157
22
Precuneus/PCC*
R/L
7/31
14 -70 29 21.82 0.221
1345
iPL*
R
40
35 -49 41 13.68 0.151
22
Postcentral Gyrus*
R
41
53 -19 14 11.88 0.134
27
MTG*
R
37
47 -64 11 16.78 0.179
75
Supramarginal Gyrus*
R
40
50 -37 35 15.47 0.167
21
Cerebellum*
R/L
-1 -61 -28 14.53 0.159
37
CUDIT x Task Condition
PCC*
R/L
31
11 -52 26 14.02 0.154
43
iPL*
R
39
35 -58 38 10.75 0.122
19
MTG*
R
39
50 64 14 13.63 0.150
30
MTG*
R
39
50 -67 26 11.24 0.127
25
Culmen*
R/L
-1 -58 -4 12.91 0.144
33
AUDIT x CUDIT x Emotion x Task Condition
iFG*
L
9
-40 5
29 7.12
0.085
35
CUDIT x Emotion
Lentiform Nucleus/Putamen
R
26 14 -1 11.63 0.131
20
Cerebellum
R/L
2
-73 -22 10.67 0.122
20
a
b
Note: According to the Talairach Daemon Atlas (http://www.nitrc.org/projects/tal-daemon/), Based on
the Tournoux & Talairach standard brain template, * Denotes regions that overlap with and/or are proximal to
clusters found in the main analysis, BA= Brodmann’s Area
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Table D4. Brain Regions demonstrating significant Interaction Effects After Removing Smokers
Coordinates of Peak Activationb
a
Region
Hemisphere BA
x
y
z
F
Partial η2 Voxels
AUDIT x Task Condition
dlPFC*
R
8
29 35 44 19.62 0.224
114
MFG*
R
6
20 20 56 13.13 0.162
29
ACC*
R/L
24/32 -7 17 26 12.03 0.150
37
PCC/Precuneus*
R/L
7/31
11 67 -29 23.38 0.256
904
PCC*
R
31
5
-31 47 10.80 0.137
28
iPL*
R
13
50 -43 23 16.35 0.194
46
iPL*
R
40
35 -49 41 13.54 0.166
26
MTG*
R
39
47 -61 11 17.79 0.207
73
Parahippocampal Gyrus*
L
27
-25 -34 -1 20.67 0.233
28
Culmen*
R/L
-1 -58 -4 13.44 0.165
79
CUDIT x Task Condition
PCC*
R
31
8
-55 26 11.67 0.147
30
Parahippocampal Gyrus
L
27/35 -19 -31 -7 18.28 0.212
20
Culmen*
R/L
-7 -61 -7 14.34 0.174
37
AUDIT x CUDIT x Emotion x Task Condition
dlPFC
R
9
53 17 32 8.27
0.108
40
dlPFC
R
9
26 32 32 7.63
0.101
20
MFG
R
6/8
26 11 44 7.32
0.097
32
iFG/aIC
L
13
-40 20 8
9.55
0.123
46
Precentral Gyrus
L
4
-55 -10 32 8.65
0.113
48
Precentral Gyrus
R
6
53 -7 29 8.29
0.109
39
STG
L
22
-49 -16 -1 8.79
0.114
22
Parahippocampal Gyrus
L
36
-34 -25 -13 12.35 0.154
26
Cerebellum
L
-40 -64 -40 7.89
0.104
30
a
b
Note: According to the Talairach Daemon Atlas (http://www.nitrc.org/projects/tal-daemon/), Based on
the Tournoux & Talairach standard brain template, * Denotes regions that overlap with and/or are proximal to
clusters found in the main analysis, BA= Brodmann’s Area
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Table D5. Brain Regions demonstrating significant Interaction Effects After Removing Non-Substance Users
Coordinates of Peak Activationb
a
Region
Hemisphere BA
x
y
z
F
Partial η2 Voxels
AUDIT x Task Condition
dlPFC
R
10
32 53 20 13.85 0.235
71
ACC*
R/L
32
2
23 38 16.56 0.269
72
22/47/
aIC/STG
R
53 11 -1 13.73 0.234
38
13
7/31/
PCC/Precuneus/iPL/Cerebellum*
R/L
-1 -61 -28 27.15 0.376
1944
39/40
STG*
R
41
53 -16 11 11.57 0.205
36
Occipital Cortex
L
19
-34 -79 29 12.34 0.215
32
CUDIT x Task Condition
PCC*
R/L
7
5
-61 29 10.52 0.190
34
a
b
Note: According to the Talairach Daemon Atlas (http://www.nitrc.org/projects/tal-daemon/), Based on
the Tournoux & Talairach standard brain template, * Denotes regions that overlap with and/or are proximal to
clusters found in the main analysis, BA= Brodmann’s Area
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Table D6. Brain Regions demonstrating significant Interaction Effects with RT included in the
model
Coordinates of Peak Activationb
Regiona
Hemisphere BA
x
y
z
F
Partial η2
Voxels
AUDIT x Task Condition
dlPFC*
R
8
29 35 44 17.44 0.185
93
dlPFC*
L
10
-34 47 20 12.70 0.142
22
MFG*
R
6
20 20 56 12.23 0.137
25
iFG*
R
9
53 5
29 10.58 0.121
21
ACC/dmPFC*
R/L
6/32
2
11 44 13.45 0.149
28
ACC/dmPFC*
R/L
8/32
-1 26 38 11.59 0.131
26
Precuneus/PCC*
R/L
7/31
11 -67 29 23.08 0.201
1388
iPL*
R
40
35 -49 41 14.89 0.162
31
iPL*
R
13
50 -43 23 13.56 0.150
24
Postcentral Gyrus*
R
41
53 -19 14 11.99 0.135
29
MTG*
R
19
44 -61 11 16.69 0.178
74
Supramarginal Gyrus*
R
40
50 -37 35 14.90 0.162
19
Parahippocampal Gyrus*
L
27
-25 -34 -1 18.60 0.195
31
Cerebellum*
R/L
-4 -61 -31 13.84 0.152
30
CUDIT x Task Condition
PCC*
R
31
11 -52 26 13.85 0.152
76
Precuneus*
L
31
-16 -67 26 16.34 0.175
30
Precuneus*
R
7/31
14 -70 29 17.62 0.186
29
iPL*
R
39
35 -58 38 12.20 0.137
28
Culmen*
R/L
-7 -61 -7 15.36 0.166
39
MTG*
R
19
44 -61 11 12.67 0.141
26
MTG*
R
39
50 -67 26 11.09 0.126
23
RT x Task Condition
Insula/iFG
R
13
38 14 5
10.71 0.122
11c
dmPFC
L
6
-7 -10 53 13.55 0.150
11c
AUDIT x CUDIT x Emotion x Task Condition
iFG*
L
9
-40 5
29 7.25
0.086
30
Note: a According to the Talairach Daemon Atlas (http://www.nitrc.org/projects/tal-daemon/), b Based on
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the Tournoux & Talairach standard brain template, c Under the ClustSim generated threshold, * Denotes regions
that overlap with and/or are proximal to clusters found in the main analysis, BA= Brodmann’s Area
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Appendix E: OB Task Main Effects
Main Analysis: Main Effects (Table E1)
The AFNI ClustSim program was used to establish a p=.05 corrected threshold (27 voxel
clusters at initial threshold of p=.002) for a whole-brain analysis. All reported regions in the
whole-brain analysis exceed this threshold.
Main Effect of Valence
There was a significant main effect of valence within ventromedial prefrontal cortex
(vmPFC), rostromedial prefrontal cortex (rmPFC), postcentral gyrus, posterior cingulate cortex
(PCC), precuneus, inferior temporal gyrus (iTG), middle frontal gyrus (MFG), lingual gyrus,
fusiform gyrus, cuneus, and middle temporal gyrus. See Table E1 for more details.
Main Effect of Intensity
There was a significant main effect of Intensity within medial prefrontal cortex (mPFC), superior
frontal gyrus (SFG), MFG, PCC, precuneus, angular gyrus, iTG, middle temporal gyrus (MTG),
insula, and inferior frontal gyrus (iFG). See Table E1 for more details.
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Table E1. Brain regions demonstrating significant effects of Valence and Intensity
Coordinates of Peak Activationb
Regiona
Hemisphere
BA
x
y
z
F
Main Effect of Valence
Contrast: Positive > Negative
vmPFC
R/L
10/32
11
38
8
26.79
rmPFC
R/L
10
8
59
20
21.07
Postcentral Gyrus
L
3
-40
-28
56
17.97
PCC/Precuneus
R/L
7/31
-4
-52
29
14.66
iTG
R
20
56
-10
-19
26.43
Contrast: Negative > Positive
MFG
L
46
-43
32
17
37.04
PCC
R
30
17
-55
11
21.18
Lingual Gyrus
L
18
-10
70
-1
25.95
Fusiform Gyrus
L
20/36
-37
-31
-16
39.61
Cuneus
R
18/19
14
-82
29
14.95
MTG
L
37
-52
-52
2
31.49
Main Effect of Intensity
Contrast: High > Low
mPFC
R/L
9/10
-1
53
20
34.73
SFG
R
6/8
17
26
50
19.75
MFG
L
6
-31
14
56
17.66
PCC/Precuneus
R/L
31
-10
-49
29
38.35
Angular Gyrus
R
39
44
-58
32
31.50
Angular Gyrus
L
39
-43
-58
32
31.34
iTG
R
21
56
-16
-16
26.29
MTG
L
21
-52
-22
-7
23.69
Contrast: Low > High
Insula
L
13
-34
5
8
23.49
MFG
R
46
47
32
20
20.14
MFG
L
46
-40
32
17
21.03
iFG
L
9
-43
5
29
15.93

Partial η2

Voxels

0.211
0.174
0.152
0.128
0.209

228
60
51
43
43

0.270
0.175
0.206
0.284
0.130
0.239

132
42
346
65
31
85

0.258
0.165
0.150
0.277
0.240
0.239
0.208
0.192

541
42
36
515
196
180
78
46

0.190
0.168
0.174
0.137

67
42
35
28
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Note: a According to the Talairach Daemon Atlas (http://www.nitrc.org/projects/tal-daemon/), b Based on
the Tournoux & Talairach standard brain template, BA= Brodmann’s Area
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Appendix F: OB Task Supplemental Analyses
Supplemental Results: Multivariate Outliers Removed (Table F1)
Mahalanobis distances (MD) were calculated for each participant in order to assess the
distance of each participant from the centroid of the sample distribution within our variable space.
The MD was calculated for each participant based on AUDIT and CUDIT scores. We then
calculated a p-value for each participant under a Χ2 distribution to determine whether their MD
value represents a multivariate outlier. Two participants were identified as multivariate outliers
using a significance threshold of p<.001. The analysis was then repeated without these
participants. The AFNI ClustSim program was used to establish a p=.05 corrected threshold (27
voxel clusters at initial threshold of p=.002) for a whole-brain analysis. All reported regions in the
whole-brain analysis exceed this threshold.
CUDIT-by-Intensity: There were CUDIT-by-Intensity interaction effects in PCC,
amygdala, uncus, superior temporal gyrus (STG), parahippocampal gyrus (PHG), and posterior
insula. The PCC, amygdala/uncus/STG, and amygdala/PHG clusters overlapped with significant
clusters for this contrast in the main analysis.
CUDIT-by-Valence-by-Intensity: There were significant CUDIT-by-Valence-byIntensity interaction effects in precentral gyrus, cuneus, occipital cortex, caudate, and culmen.
The precentral gyrus, cuneus, and occipital cortex clusters overlapped with significant clusters for
this contrast in the main analysis.
AUDIT-by-CUDIT-by-Intensity: There was a significant AUDIT-by-CUDIT-byIntensity interaction effect in rmPFC/dmPFC. This cluster overlapped with the significant cluster
for this contrast in the main analysis.
AUDIT-by-Valence-by-Intensity: There were significant AUDIT-by-Valence-byIntensity interaction effects in posterior insula, precentral gyrus, and lingual gyrus. The posterior
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insula and precentral gyrus clusters overlapped with significant clusters for this contrast in the
main analysis.

Supplemental Results: Smokers Removed (Table F2)
In order to verify that our results were not largely due to smoking, we re-ran the analysis
removing participants who endorsed current regular smoking (N=16), resulting in a sample of
N=88 participants. The AFNI ClustSim program was used to establish a p=.05 corrected
threshold (27 voxel clusters at initial threshold of p=.002) for a whole-brain analysis. All reported
regions in the whole-brain analysis exceed this threshold.
CUDIT-by-Intensity: There were CUDIT-by-Intensity interaction effects in sgACC,
PCC, uncus, STG, fusiform gyrus, putamen, and middle temporal gyrus. The sgACC, PCC, and
uncus/STG clusters overlapped with significant clusters for this contrast in the main analysis.
CUDIT-by-Valence-by-Intensity: There was a significant CUDIT-by-Valence-byIntensity interaction effect in cuneus. This cluster overlapped with a significant cluster for this
contrast in the main analysis.
AUDIT-by-CUDIT-by-Intensity: There was a significant AUDIT-by-CUDIT-byIntensity interaction effect in rmPFC/dmPFC. This cluster overlapped with the significant cluster
for this contrast in the main analysis.
AUDIT-by-Valence: There was an AUDIT-by-Valence interaction effect in culmen.
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Table F1. Brain regions demonstrating significant CUDIT-by-Intensity, AUDIT-by-CUDIT-by-Intensity, AUDIT-byValence-by-Intensity, and CUDIT-by-Valence-by-Intensity Interactions with multivariate outliers removed
Coordinates of Peak Activationb
Regiona
Hemisphere
BA
x
y
z
F
Partial η2
Voxels
CUDIT-by-Intensity
PCC*
R/L
30
-16
-55
11
18.63
0.160
86
Amygdala/Uncus/STG*
R
38
26
5
-34
31.56
0.244
50
Amygdala/PHG*
L
-25
-16
-16
26.28
0.211
28
Posterior Insula
R
13
41
-16
17
19.16
0.164
35
CUDIT-by-Valence-by-Intensity
Precentral Gyrus*
R
6
-55
-1
23
22.03
0.184
86
Precentral Gyrus*
R
6
38
-7
35
20.49
0.173
45
Cuneus*
R/L
30
-1
-73
5
22.17
0.185
538
Occipital Cortex*
L
17
-19
-91
-7
18.37
0.158
62
Caudate
R
8
17
-4
23.32
0.192
34
Culmen
R
14
-40
-22
24.26
0.198
29
AUDIT-by-CUDIT-by-Intensity
rmPFC/dmPFC*
R/L
9
-1
50
29
21.01
0.177
143
AUDIT-by-Valence-by-Intensity
Posterior Insula*
R
13
47
-19
17
22.74
0.188
39
Precentral Gyrus*
L
6
-55
2
20
20.77
0.175
41
Lingual Gyrus
R/L
18
2
-70
-1
16.47
0.144
44
Note: a According to the Talairach Daemon Atlas (http://www.nitrc.org/projects/tal-daemon/), b Based on
the Tournoux & Talairach standard brain template, * denotes clusters that overlap with significant clusters
found in the main analysis, BA= Brodmann’s Area
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Table F2. Brain regions demonstrating significant CUDIT-by-Intensity, AUDIT-by-CUDIT-by-Intensity, AUDIT-byValence-by-Intensity, and CUDIT-by-Valence-by-Intensity Interactions with smokers removed from the sample
Coordinates of Peak Activationb
Regiona
Hemisphere
BA
x
y
z
F
Partial η2
Voxels
CUDIT-by-Intensity
sgACC*
R/L
25
-1
20
-4
38.49
0.314
42
PCC*
R/L
23/30
-7
-55
14
21.14
0.201
147
Uncus/STG*
R
38
26
8
-34
32.44
0.279
54
Fusiform Gyrus*
L
19
-22
-61
-10
17.56
0.173
37
Putamen
R
29
-10
-1
20.57
0.197
33
MTG
L
39
-43
-76
11
18.93
0.184
28
CUDIT-by-Valence-by-Intensity
Cuneus*
R
17/18
2
-82
8
16.23
0.162
55
AUDIT-by-CUDIT-by-Intensity
rmPFC/dmPFC*
R/L
9
2
47
29
21.19
0.201
129
AUDIT-by-Valence
Culmen
L
19
-7
-55
-1
18.09
0.177
29
Note: a According to the Talairach Daemon Atlas (http://www.nitrc.org/projects/tal-daemon/), b Based on
the Tournoux & Talairach standard brain template, * denotes clusters that overlap with significant clusters
found in the main analysis, BA= Brodmann’s Area

